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Introduction 


In a paper by Hopkins and WANN (6) it was shown that with a 
given amount of iron in the culture solution, the growth of Chlorella 
) §p. varied with the concentration of sodium citrate. The higher the 
/ amount of citrate the less the growth. As an explanation of this fact 
ithe suggestion was made that increasing the citrate content de- 
) pressed the iron-ion concentration through the formation of a com- 
» plex iron compound which ionizes in such a manner as to give only a 
| very small concentration of iron ions. This idea was based on the work 
of UsPENSKI (9, 10, 11), who summarized his investigations in a 
_ Tecent paper (10). According to him not only can the depression of 
"growth be explained in this way, but also the prevention of the 
toxicity of iron. Large amounts of iron which in certain cases would 
‘be very toxic, in the presence of organic matter may be entirely 
“harmless. In the study just mentioned (6), it was found in one case 
‘that with a small amount of sodium citrate (0.04 gm. per culture) 
ponly 0.0075 mg. of iron was necessary to give some growth, while 
Pwith a large amount (0.15 gm. per culture) 0.075 mg. of iron, or ten 
mimes as much, is required. 
| The present work was undertaken to carry out experiments with 
greater range of iron and citrate concentration to determine the 
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effect of these various solutions on growth; also if possible to discover 
the relation of the concentration of iron ions to the development of 
Chlorella sp. 


Effect of iron ions on growth 


EXPERIMENT 1: VARIATION IN CITRATE CONTENT WITH CONSTANT 
AMOUNT OF IRON.—This experiment was designed to determine the 
effect of varying the amount of sodium citrate while keeping the 
iron constant. Practically the same experimental procedure as de- 
scribed by Hopkins and WANN (6) was used in this case. The stock 
solutions were made up in two parts as follows: 


SoLuTion A i. SoLuTion B 


MgSO,:7H.0 


Glucose 


These were then mixed as shown in table I, to make the individual 
culture solutions. As o.1 mg. Fe per culture was desired in each case, 
0.07 mg. of iron was added, since it was estimated that about 0.03 


TABLE I 


COMPOSITION OF CULTURE SOLUTION IN EXPERIMENT I 
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* Prepared by diluting 7 cc. of an iron solution containing 0.5 mg. Fe per cc. to 100 cc. 
t Sterilized separately. r 


mg. would be derived from impurities. The two components of each 
culture solution were sterilized separately as indicated in the table 
and mixed when cool. It is evident, then, that in the final culture 
solution, A was diluted to four times its original volume and B twice. 
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Each solution was prepared in quadruplicate, three of the flasks be- 
ing inoculated with a suspension of Chlorella cells while the fourth 
was retained for initial pH and iron determinations. 

TABLE II 


RESULTS OBTAINED IN EXPERIMENT I; TIME TWO WEEKS 
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Inoculations were made February 19, 1927, and by February 23 
growth was evident in certain cultures. The amount of growth ap- 
peared to decrease from 
cultures 1 to 8. One week 
after inoculation very - L\\ 
good growth was noted in r4 ‘\ 
cultures 1, 2, 3, and 4; be- p - 
ginning with culture 5 ~~ 
there was less growth, 
while in 7 there was only 
slight growth and still less 
in 8. At the end of two 
weeks the dry weights 


were determined. These a 
results are shown in table GNS. CITRATE PER CULTU 
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Iland plotted graphically Fic. 1.—Effect of citrate on growth of Chlorella 
in fig . in solutions having constant amount of total iron 


- (experiment 1). 
The data show practi- 


cally no change in pH nor in the total iron concentration, but a 
marked variation in the amount of growth. The latter rises to a max- 
imum at a citrate concentration of 0.04 gm. per culture, and then 
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rapidly drops, until at 0.20 gm. it is very little. Undoubtedly a fur- 
ther increase in the citrate would have inhibited growth entirely. 
This is a striking confirmation of the idea previously expressed that 
citrate does have an important influence on the growth of Chlorella, 
for in this experiment the total soluble iron was the same in all cul- 
tures and the pH remained practically constant. 

EXPERIMENT 1A: EFFECT OF CITRATE CONCENTRATION ON RE- 
ACTION FOR FERRIC IRON.—To obtain a relative measure of the con- 
centration of iron ions present in the culture solutions used in experi- 
ment 1, the following procedure, based on the method of UsPEnsxt, 
was carried out. To 10 cc. of each of the control solutions (uninocu- 


TABLE III 








PERCENTAGE 
CULTURE SOLUTION NUMBER — Fe (SCN); soLu- 
TION NO. I=100 





0.01 100.0 
0.02 Le 
0.04 44. 
0.06 42. 
0.08 31. 
0.10 28); 
0.15 a3: 
0.20 16. 











lated) from experiment 1 was added 2 cc. of N/2 HCl. This adjusted 
the solutions to an acid reaction at which the Fe(SCN), color could 
be observed. Ten cc. of 10 per cent KSCN and 1 cc. of a solution 
of potassium persulphate (5 mg. per cc.) were then added to each of 
these mixtures and the volume made up to 25 cc. ina 50 cc. graduated 
cylinder. Ether was added to each cylinder up to the 4o cc. mark, 
and the Fe(SCN), transferred to this ether layer. The relative in- 
tensity of color in each ether layer was determined in a colorimeter 
and the results expressed as percentages of the color developed in 
solution no. 1. The results obtained are shown in table ITI. 

The data shown in table III and fig. 1@ show that as the citrate 
content increases the ferric-ion concentration decreases, in a mannef 
which corresponds very well with the falling off in growth deter- 
mined in experiment 1. These results indicate that the effect of the 
citrate on growth is due to its depressing action on the iron-ion con- 
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centration, which is the physiologically important factor involved, 
rather than the total iron in the solution. 

EXPERIMENT 2: VARIATION IN TOTAL IRON CONTENT WITH CON- 
STANT AMOUNT OF CITRATE.—In this case a rather large and constant 
amount of sodium citrate was used and the concentration of iron 
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GITS. CITRATE PER CULTURE 
Fic. 1a.—Effect of citrate on reaction for ferric ions in solutions used in experiment 1; 
solution no. 1=100 per cent (experiment 1a). 


was varied. The same stock solutions and technique were used as in 
experiment 1. The compositions of the solution are shown in table 
IV. 

The summarized data for the experiment are given in table V, and 
also presented graphically in fig. 2. In the cultures with high iron 
content the amount of sodium citrate (0.15 gm. per culture) was not 
sufficient in all cases to keep this amount of iron in solution, and 
some precipitation occurred. This precipitation took place progres- 
sively from series A, which was on the side of the shelf away from 
the window, to series C which was toward the window. For instance, 
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in series A an iron precipitate was observed in cultures 8 and 9; in B 
in cultures 7, 8, and g; and in C in cultures 6, 7, 8, and 9. It is sug- 
gested that increasing illumination in those cultures nearest the 


TABLE IV 


COMPOSITIONS OF SOLUTIONS USED IN EXPERIMENT 2 
WITH INITIAL IRON AND PH VALUES 
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CULTURE CITRATE (GM.) CONTROL 
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* Increase in H-ion concentration due to acid added in standard iron solu- 
tion. 


TABLE V 


RESULTS OBTAINED IN EXPERIMENT 2; TIME TWO WEEKS 
SODIUM CITRATE 0.15 GM. PER CULTURE 
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window may offer an explanation, light accelerating certain reactions 
which result finally in precipitation of the iron. This is borne out by 
the fact that in the control series, which was left on a laboratory 
table under much weaker illumination, there was no precipitation 
after a month’s time except in the case of solution g. It is of interest 
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to note that BAupDIscH and WELO (3) have shown that precipitation 
of iron from certain complex iron compounds present in natural 
mineral waters is accelerated by light. This loss of soluble iron is re- 
flected in the growth (table IV). Taking this into account, however, 
the result is what should be expected from our theory. Comparison 
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Fic. 2.—Effect of iron on growth of Chlorella in solutions having constant amount of 
citrate; arrows indicate concentrations of iron at which precipitation began to take 
place (experiment 2). 


with experiment 1 can conveniently begin with cultures no. 3. These 
cultures, which contain 0.1 mg. of iron and 0.15 gm. of sodium 
citrate, correspond to cultures no. 7 in experiment 1, which have the 
same iron and citrate content. The growth is approximately the 
same. In experiment 2, when the iron content is decreased the 
growth falls off, until at the lowest iron content there is practically 
none because the iron-ion concentration has become very small. On 
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the other hand, the iron-ion concentration can be increased above 
that in cultures no. 3 by increasing the total iron content above o.1 
mg. per culture. When this is done, as in cultures 4-9, there are 
marked increases in growth until the precipitation just described 
takes place. 

This appears to rule out the possibility that in experiment 1 the 
depression of growth with increasing concentration of citrate is due 
to the toxicity of the latter, because growth depressed by in- 
creasing the citrate content may be increased by further addition of 
iron. 

EXPERIMENT 3: VARIATION IN CITRATE AND IRON CONCENTRA- 
TIONS.—The first two experiments suggested that it might be de- 
sirable to determine the most favorable ratio between iron and 
sodium citrate for growth. The sodium citrate and the iron were 
varied so that every citrate concentration had seven different con- 
centrations of iron, and vice versa. This was carried out as follows. 
The stock solutions were as given in experiment 1, except that A was 
only one-half as concentrated. In the final culture solutions, how- 
ever, the concentration was the same since only one dilution was 
made. 

Both A and B before mixing were treated with Ca,(PO,), and 
then filtered, to remove the iron impurities by adsorption. After ad- 
dition of the citrate and iron the solutions were sterilized separately 
in 25 cc. portions and mixed when cool as before. The cultures were 
inoculated April 9 with Chlorella cells, but by April 13 there was 
practically no growth in any of the cultures, although some showed 
a trace of colorless cells. One culture in a Jena flask (used accidental- 
ly) showed a slight greenish growth. Growth continued to be slow, and 
final notes were taken April 20, eleven days after inoculation. It was 
decided that the crops were too small for dry weight determinations 
and these were not made. In table VI the composition of the differ- 
ent solutions is shown and the results of the observations recorded. 
Those solutions in which precipitation of iron occurred are marked 
“ppt.” In this table three plus signs represent what was judged to 
be the best growth in each numerical series. The results are interest- 
ing in that they show with increasing iron a shifting of the maximum 
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growth points to higher citrate concentrations. By approximate in- 
terpolation we obtain the following: 


Sodium citrate (gm. 

per culture)...... o.or o. 0.03 0.04 0.06 0.10 
Iron mg. at maxi- 

mum growth 0.015 0.075 0.20 0.40 0.50 1.00 


It is also of interest to note the concentration of iron at which 
growth is inhibited by various amounts of citrate, which are esti- 
mated from table VI to be: 


IRON CONCENTRATION 
AT WHICH GROWTH 
IS INHIBITED 


©.050 0.01 
0.070 0.02 
0.125 0.05 
0.160 0.10 


GM. CITRATE PER 
CULTURE 


The first values might be taken to represent the most favorable 
concentration of iron ions, or possibly the most favorable ratio be- 


TABLE VI 


RESULTS OBTAINED IN EXPERIMENT 3 








SopIuM Cc D 
CITRATE 
(GM.) 





Tron (McG.) 





ppt. ppt. 
aL 5 
ppt. ppt. 





























* Contaminated with bacteria. 


tween [Fe++] and [Fe+++]. This will be discussed later. The 
second series of values in a like manner are those at which the iron- 
ion concentration is depressed to the point where it is insufficient for 
growth. 
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The very poor growth in experiment 3 as a whole was so striking 
as to demand investigation. It will be recalled that before making up 
the individual cultures, the stock solutions A and B had been treated 
in order to remove any iron impurities; therefore with the results 
obtained in solutions with entirely sufficient iron present, it seems 
logical to assume that some other essential element was removed by 
adsorption during the procedure. To test the effect of the treatment 
the following experiment was carried out. 

EXPERIMENT 3A.—Stock solutions of A and B were prepared as 
before and individual culture solutions were made as follows: 

I. Five lots of 25 cc. each of A without previous adsorption were 
distributed into flasks. 

Five lots of 25 cc. each of B also without previous adsorption were 
distributed into another set of flasks. 

To two lots of solution A were added 0.07 mg. of iron. 

II. To the remainder of solutions A and B were added separately 
5 gm. of Ca3(PO,)., the flasks being well shaken and allowed to stand 
over night. The next morning they were filtered and 

Five lots of 25 cc. of solution A which had been thus treated were 
distributed into flasks. 

Five lots of 25 cc. of solution B which had been thus treated were 
distributed into flasks. 

To two lots of solution A in this case were also added 0.07 mg. 
of iron. All the flasks of both I and II were then sterilized, and when 
cool, solutions A and B were mixed in each case as usual. They were 
inoculated April 14 with Chlorella cells. 

By April 20 the cultures in series I showed excellent growth, those 
with the added iron showing about twice as much growth as those 
which contained only the iron due to impurities. In series II there 

was no growth except in one culture and this was very slight. At the 

end of four weeks after inoculation series II still showed no weigh- 
able amount of growth, while in series I with no added iron there was 
obtained a growth of 215 mg. from one culture, and with added iron © 
one culture showed a growth of 248 mg. This is strong indication that 
the treatment with Ca,(PO,), was responsible for the poor growth 
in experiment 3, for without the treatment excellent growth was 
obtained. 
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Since it was thought that possibly manganese might be the ele- 
ment removed, tests for manganese were made on the glucose (after 
ashing) and on a solution containing MgSO,, NH,NO,, and K,HPO, 
from the chemicals used in this experiment. A strong test for man- 
ganese was obtained in each case, indicating that this may be a fac- 
tor. In a later experiment (the results of which are not recorded) in 
which exceptionally pure chemicals were used, very poor growth oc- 
curred. This indicates that some impurity is lacking in this case also 
which is present in the previous solutions. What this is, is not certain 
and experiments designed toward determining it will be necessary. 


TABLE VII 


GROWTH AT END OF ONE WEEK, EXPERIMENT 4 
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EXPERIMENT 4: VARIATION IN CITRATE AND IRON CONCENTRA- 
Tions.—A preliminary experiment showed that most of the iron 
impurity could be removed from the glucose by adsorption with 
charcoal, and it was decided to repeat experiment 3 exactly as before 
but first carrying out such an adsorption. The glucose was dissolved 
in one-half the water to be used in making solution A, animal char- 
coal was then added, the mixture shaken and allowed to stand over 
night. It was then filtered and added to an equal volume of water 
containing in solution the other components of solution A. From 
then on the procedure was the same as used in experiment 3. In this 
case, however, two higher citrate concentrations were used in each 
iron series. 

Notes on growth one week after inoculation are shown in table 
VII. It will be seen from this table that as the citrate is increased a 
concentration is reached at which growth is inhibited. The concen- 
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tration of citrate at this point, which might for convenience be desig- 
nated the “growth extinction point,” is different for.each iron con- 
centration, becoming greater as the amount increases. Conversely, 
for any given citrate concentration the amount of iron may decrease 
until the growth extinction point is reached. As is shown by the 
table, this variation takes place in an orderly fashion. This will be 
discussed later. 

‘The dry weights of the crops from these cultures at the end of two 
weeks are given in table VIII. Because of insufficient citrate some 


TABLE VIII 


DRY WEIGHTS OF CROPS IN MG. OBTAINED AFTER TWO 
WEEKS’ GROWTH, EXPERIMENT 4 








SopIuM D 
CITRATE 
(@M.) 





Tron (mG) 0.05 





.OI | 49. : é Zi: 
.02 | 44. . , 14. 
£08" |S: 36. : 48. 
-10 | 49. . : 45- 
-30.} 43. ‘ ‘ 50. 
50: 43. ‘ : 56. 
.00 | 61. ; ; 59. 



































* Some precipitation of iron occurred. 
t (—) indicates lack of a weighable amount of cells. 


precipitation of iron occurred during the course of the experiment in 
the following cultures: As, A6, A7, B6, and B7; therefore the crops 
in these cases cannot be considered with the others in which this did 
not occur, since the iron content would be variable during the 
growth. Final pH values, although determined, are not given in the 
table. They were practically all pH 7. As would be expected from 
previous observations, the dry weights became less in each series as 
the amount of sodium citrate increased, until no weighable amount 
was present. The results are plotted in fig. 3. In general curves pass 
through maximum values which are farther toward the right as the 
iron content increases. This is what we should expect if the iron-ion 
concentration is the controlling factor, for with higher amounts of 
iron more citrate is necessary to depress the iron ion to its optimum 
value. Then with further increase of the citrate, the iron-ion con- 
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Fic. 3.—Effect of citrate on growth of Chlorella at various total iron concentrations 
(experiment 4). 
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Fic. 4.—Relation between citrate and iron at extinction points for growth, see text 
for discussion (experiment 4). 
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centration is depressed below the optimum, so that growth is de. 
creased until finally there are not enough iron ions for growth to be 
possible. Again in this case the growth extinction points will be 
farther to the right as the total iron content increases. Based on the 
hypothesis that the iron-ion concentration is the factor concerned, 
its value should be the same at all these points. If the total iron 
values at the growth extinction points are plotted against the citrate 
contents, the smooth curve shown in fig. 4 is obtained, while if log 
of total Fe is plotted against citrate the result is a straight line. This 
line can easily be extrapolated to zero citrate concentration and log 
total iron, and hence total iron at that point obtained. Since there 
is no citrate present and therefore no complex iron compound, we 
can assume complete dissociation. The total iron is then equal to the 
iron ion. The calculation is as follows: 


log Fe per 50 cc. culture solution (by graphic extrapola- 
tion) when both characteristic and mantissa are nega- 


log Fe per 50 cc. culture solution 
Mg. Fe= antilog 7.64—10 

Gm. Fe per liter 

©.00008 26 


Fe-ion concentration — 
56 

A Fe-ion concentration of 1.47 X10~° as thus obtained is therefore 
an approximate and provisional value, representing the minimum 
for growth, until further experiments make it possible to check with 
other direct or indirect determinations. As was to be expected the 
value is a low one. 

EXPERIMENT 5: EFFECT OF VARIATION IN CITRATE AND IRON 
CONTENTS ON GROWTH OF BACTERIA.—When the cultures in experi- 
ment 4 were filtered to obtain the crops of Chlorella, the filtrates be- 
came contaminated, principally with motile rod-shaped bacteria. 
The development of these bacteria in the solutions took place ina 
manner so similar to Chlorella that observations were made as to the 
effect of citrate in depressing their growth. As with Chlorella, the 
greater the amount of total iron the greater the amount of citrate 
necessary to inhibit growth. These observations are recorded in 
table IX. The result is practically the same as that shown in table 
VII for Chlorella. 
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In order to obtain an idea as to the relative numbers of bacteria 
in the cultures, nephelometric determinations were made. Culture 
Ar was taken as 100 and used as a standard with which to compare 
the others. The results are given in table X. 


TABLE Ix 


OBSERVATION IN GROWTH OF BACTERIA, EXPERIMENT 5 
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TABLE X 


RELATIVE NUMBER OF BACTERIA IN CULTURE SOLUTIONS 
BASED ON CULTURE AI = 100, EXPERIMENT 5 
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CITRATE 
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Tron (uc.) 






































With some irregularities there is a depression in growth in each 
series as the amount of citrate per culture increases, and the amount 
of citrate at the growth extinction point is greater as the amount of 
iron is increased. The data for the growth extinction points are 
given in table XI, and in fig. 5 the relation of citrate to growth is 
shown for cultures containing 0.01 mg. total iron. 

In one respect the results differ from those obtained in the experi- 
ments with Chlorella. At the low citrate contents growth is de- 
pressed as the iron content increases. The explanation of this is not 
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clear at the present time. While it should be emphasized that the 
experiment in this case is not exact because of the uncontrolled 
purity of the cultures, it suggests that 
with certain bacteria the iron ion is an 
important factor in growth. The experi- 
ment should be repeated under controlled 
conditions with a pure culture of known 
species of bacteria. 

It is of interest in this connection that 
WEBSTER (16) found that the growth of 
Bacterium leptisepticum was favored by 
addition to culture medium of iron in the 
complex form Fe(OH.)(NC);Na;. He ob- 
\ tained optimum growth at a concentra- 
tion of 0.002 mg. per cc. 
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CHS. CITRATE Iron-ion concentration theory 


I. STRUCTURE OF COMPLEX IRON- 
CITRATE COMPOUND 


Fic. 5.—Effect of citrate on 
growth of bacteria in solutions 
having o.or mg. total iron 


(experiment 5). An explanation of the results thus far 

described was sought in the theory of 
complex-ion formation as set forth by Streciitz (7). Due credit 
should be given to UsPENSKI, whose work has already been dis- 


TABLE XI 
EXTINCTION POINT FOR GROWTH OF BACTERIA IN 
EXPERIMENT 5 AT VARIOUS IRON 
CONCENTRATIONS 








GM. CITRATE PER 
Mc. FE PER CULTURE CULTURE WHERE 


JUST NO GROWTH 





0.05 
0.075 
0.125 
0.20 
0.30 

> 0.30 

>0.30 








cussed, for the application of the idea of complex-ion formation to 
culture solutions. 
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In the present work it was observed that, when sodium or potas- 
sium citrate was added to culture solutions containing iron, the color 
of the solutions deepened, and that if sufficient iron were present 
an intense yellowish green color resulted. This suggested the forma- 
tion of a distinct chemical substance in the culture solution. Pure 
solutions of ferric chloride and sodium citrate when mixed gave rise 
to this same color. This color then was assumed to be that of the 
complex sodium ferric citrate in which the iron is present in the anion. 

Careful tests were made, using equimolecular solutions of potas- 
sium citrate and ferric chloride. It was found at a concentration of 
1.5 mols of citrate to 1.0 of FeCl, that: (1) the brownish color due to 
the latter just disappeared and the solution turned yellowish green; 
and (2) the ordinary chemical reactions for iron ions just faded out. 
This was taken to be an indication of the composition of the complex 
potassium iron citrate. The presence of iron in the anion explains the 
fact that the usual reactions for iron ions are not given. Physico- 
chemical experiments were then made to establish this with more 
certainty. 

EXPERIMENT 6: FREEZING POINT DETERMINATIONS ON IRON- 
CITRATE MIXTURES.—A series of freezing point determinations was 
carried out on various mixtures of ferric chloride and sodium citrate. 
Two solutions were prepared, 0.1 M FeCl, and 0.1 M sodium citrate. 
They were then mixed so as to give varying ratios of iron to citrate. 
In this way the concentration of the solution was always o.1M (total 
salt). The data are given in table XII and shown graphically in 
fig. 6. A sharp break in the graph occurs when the ratio of iron to 
citrate is 1:1.5. Delta is minimum at this point. It was observed 
directly after mixing these solutions that no. 1 had a somewhat deep 
brown color, no. 2 had a lighter brown color, while no brown color 
could be detected in no. 3 which was yellowish green. This mini- 
mum in the freezing point curve and the observations on color 
again indicate that the complex compound has a composition cor- 
responding to the ratio 1:1.5, or two molecules of ferric chloride 
to three of sodium citrate, since one would conclude that the total 
number of ions is minimum at this composition. 

EXPERIMENT 7: CONDUCTIVITY DETERMINATIONS ON IRON- 
CITRATE MIXTURES.—Solutions were prepared in the same manner 
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as used in experiment 6 and electrical conductivity determinations 
were made. In this case, however, the total molecular concentration 


TABLE XII 


FREEZING POINT DEPRESSIONS OF MIXTURES OF FERRIC CHLORIDE 
AND SODIUM CITRATE, EXPERIMENT 6 








Cc.0.1M Ceo. Ratio A 


SOLUTION No. FEC; NA CITRATE FE: CITRATE SOLUTION 
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was adjusted to M/r1oo. An Ostwald conductivity cell with a 
vacuum jacket was used and the temperature was adjusted to ap- 
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Fic. 6.—Freezing point determinations of mixtures on ferric chloride and sodium 
citrate (experiment 6). 


proximately 25.5° C. for each measurement. The actual conductance 
of the cell was calculated in each case from the readings to reciprocal 
ohms (mhos). Although the cell factor was determined to be 0.395 
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it was not deemed necessary for the purposes of this experiment to 
calculate the specific conductivity. The results are given in table 


TABLE XIII 


ELECTRICAL CONDUCTIVITIES OF MIXTURES OF FERRIC 
CHLORIDE AND SODIUM CITRATE, EXPERIMENT 7; 
TOTAL MOLAR CONCENTRATION M/106 
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XIII and fig. 7. Asin the case of the freezing point determinations, a 
sharp break occurs in the electrical conductivity data when the ratio 
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Fic. 7.—Electrical conductivity determinations on mixtures of ferric chloride and 
sodium citrate; points not connected represent values for single components FeCl, and 
Na,CsH,O, (experiment 7). 


of iron to citrate is 1:1.5. The conductivities were carefully checked 

the next day on the same solutions with the same result. 
EXPERIMENT 8: CONDUCTIVITY TESTS ON IRON-CITRATE MIXTURES. 

—In this case experiment 7 was repeated, using potassium citrate 
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instead of the sodium salt. The same disappearance of the brown 
color due to the ferric chloride was also noted at the ratio of 1:1.5 in 


TABLE XIV 
ELECTRICAL CONDUCTIVITIES OF MIXTURES OF FERRIC 
CHLORIDE AND POTASSIUM CITRATE, EXPERIMENT 8; 
TOTAL MOLAR CONCENTRATION M/100 








RatTIo c=1/V 


SOLUTION NO. FE: CITRATE . X10 4MHOS 
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-74 
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this experiment. The results obtained are given in table XIV and 
fig. 8. The same conductivity cell was used. Again a sharp break 
occurs at the ratio 1:1.5. 

EXPERIMENT 9: CONDUCTIVITY TESTS ON IRON-CITRATE MIX- 
TURES.—This experiment was a repetition of experiment 8. The re- 
sults are given in table 
XV and fig. 9, where the 
bridge readings only are 
given, with a constant 
resistance in the resist- 
ance box of 100 ohms. 
Lt In this case two extra 
solutions were introduced 
in the vicinity of the 
; ; 3 4 ¥ 1:1.5 ratio. The results 
MOLS CITRATE PER MOL FeCl; check with the previous 

Fic. 8.—Electrical conductivity determinations Ones, showing the com- 
on mixtures of ferric chloride and potassium citrate; plex compound to be 


points not connected represent values for single com- 
ponents FeCl, and K,;CsH;O, (experiment 8). 






































formed at this ratio of 

iron to citrate. 
EXPERIMENT 10: FIRST PREPARATION OF COMPLEX COMPOUND.— 

It was thought that by preparing the complex compound in a pure 
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state and then analyzing the preparation obtained chemically, the 
composition could be established with still greater certainty. A pre- 
liminary test showed that when acetone is added to a mixture of 
potassium citrate and ferric chloride a two-layer system is formed, 
with a green solution below and a practically colorless layer above. 
Further, if equal volumes of the solution and acetone were used the 
lower layer was only about one-fourth of the total volume. It was 
assumed: (1) that the acetone 
extracts water from the solu- 
tion; (2) that the green com- 0) 
plex compound is much more a PONG 
soluble in the lower (mainly 
aqueous phase); and (3) that 
the KCl formed in the reac- 
tion would be soluble in the 
upper layer of water and ace- 
tone. By repeated extraction, 
therefore, the complex com- 
pound could be purified. The 
following solutions were pre- 
pared: (1) M/r FeCl,; (2) Fic. 9.—Electrical conductivity determi- 
M/ 1 K,C6H,O,. nations on mixtures of ferric chloride and po- 


To 50 cc. of (1) 75 cc. of tassium citrate; points not connected repre- 


sent values for single components FeCl, and 
(2) was added slowly. At K,CéH,0,. 
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4I0LS CITRATE PER MOL FeCl 


first the solution turned a 
deep brown, then a greenish brown, and finally, as the last few 
drops of the citrate were added it was observed that the last 
trace of brown disappeared. A clear deep green solution resulted. 
The solution was then placed in a separatory funnel with about one 
and one-half volumes of acetone, shaken, the two layers allowed to 
separate, and the lower one containing the complex run into a flask. 
It was diluted to 100 cc. with water and again extracted with ace- 
tone as before. This process was repeated five times. At this time 
the solution no longer gave a test for chlorides, showing that all the 
KCl had been removed. After each extraction a drop of the solution 
was placed on a glass slide and allowed to dry. At first crystals of 
KCl separated, but after several extractions the drop dried to a clear 
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brittle mass which began to crack spontaneously in a dendriform 
manner. As the water was removed by the acetone the solution with 
the compound in it became very viscous. The substance when dried 
has the appearance of resin and shows radiating cracks as already 
mentioned. It is completely soluble in water, forming a yellowish 
green solution which when dilute is more of a yellow color. 

Two 10 cc. aliquots of a solution containing 1.0767 gm. per 100 
cc. were evaporated to dryness and ashed. One was analyzed for Fe 
and the other for K. The results were 15.92 per cent Fe and 16.50 
per cent K. 

TABLE XV 
ELECTRICAL CONDUCTIVITIES OF MIXTURES OF FERRIC CHLORIDE 
AND POTASSIUM CITRATE, EXPERIMENT 9; TOTAL MOLAR 


CONCENTRATION M/100 (CONSTANT RESISTANCE OF 100 OHMS 
USED IN RESISTANCE BOX) 








AVERAGE BRIDGE 
READING AT 
R=100 OHMS 

t=25°C, 


Ratio 


SOLUTION NO. FE: CITRATE 


SOLUTION COLOR 





Brown 4701 
Lighter brown 4981 
Still lighter brown 5207 
Still lighter brown 5668 
Still lighter brown 6098 
Greenish yellow 6283 
Greenish yellow 6300 
Greenish yellow 6154 
Greenish yellow 6111 
Greenish yellow 5918 
Colorless 5612 
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EXPERIMENT I1: SECOND PREPARATION OF COMPLEX COMPOUND.— 
In this experiment another method was used for the preparation 
of the complex potassium-iron citrate. The following mixture was 
prepared: 26 cc. M/1 FeCl, +37.5 cc. M/1 K-CoH,O,. In these 
proportions an excess of ferric chloride should be present according 
to the 1:1.5 ratio previously determined, and in fact a strong ferric 
sulphocyanate test was given by the solution. The mixture was 
then evaporated to dryness and extracted with a mixture of equal 
parts of absolute alcohol and ether until no test for ferric iron was 
found. It was then necessary to remove the KCl which had been 
formed. This was effected by extracting in a Soxhlet apparatus with 
95 per cent alcohol, in which the KCl is slightly soluble and in which 
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the complex is practically insoluble. About one week of continuous 
extraction was required to remove the last trace of chlorides. After 
the alcohol was removed by evaporation at 110° C. a yellowish green 
powder remained which weighed approximately 7.3 gm. 

The following tests were made on this powder. One gm. was found 
to be perfectly soluble in about 30 cc. of water at room temperature. 
There was no residue and a deep yellowish green solution resulted. 
Arper cent solution was found to be strongly acid to litmus, acid to 
methyl red, and to have a pH value of about 4.2 with brom phenol 
blue. An extremely slight test for ferric iron was given, using the 
sulphocyanate test even when the ferric sulphocyanate was dis- 
solved in an amylic layer according to the method of Stokes and 
Cain (8). Chlorides were absent. A test with potassium ferricya- 
nide gave a deep blue color but no precipitate, showing ferrous iron 
to be present but in small amount. An analysis of the preparation 
gave 14.83 per cent Fe and 14.06 per cent K. 

Many structural formulas were constructed, based on the data 
presented in this paper and on the theory of complex ion formation. 
The only one which gave agreement with these results is the follow- 
ing: 

K3H; [(C;H,0); (CO.), Fez] or 

CH, COOH 
ae 
| \cooK 
CH.coO— 
CH,COOH 


co 
| COOK 


CH.COO 





CH,.COOH 


C 
| COOK 
CH,COO— 
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The agreement between this constitution and the analytical data 
is shown as follows: 
CALCULATED OBTAINED 


Experiment Experiment 
10 II 


Percentage Fe 14.03 15.92 14.83 
POrCentage WK... 0606 .0e05 EATS 16.50 14.06 


The results check rather well with that calculated from the preced- 
ing formula, especially for experiment 11 in which the method of 
preparation also appeared to be more satisfactory. That there are 
free carboxyl groups as shown is indicated by the acid reaction. 

It was found after performing these experiments and working out 
the structure given, that BELLONI (4) has determined the structure 
of the sodium salt to be analogous. He also found that the complex 
is formed when the ratio of iron to citrate is 1:1.5, and considers 
that all but the sodium and acid hydrogen atoms constitute a hexa- 
valent complex ion of which the complex compound is the trisodium 
salt. The structure of this complex ion is given as: 


O.C co.\ ...]lil 
- \o a 


2 


BELLONI further furnished evidence that the iron is attached to 
three of the carboxyl groups, by showing that salts of this complex 
containing more than three NH, groups are not obtained. 

Attempts to determine the molecular weight of the compound 
have so far proved unsuccessful because, while the substance is very 
soluble in water in which it is dissociated to an unknown extent, it is 
practically insoluble in all of the other solvents tried. For instance, 
it was found to be insoluble in chloroform, aniline, toluene, methanol, 
ethanol, benzine, amyl alcohol, carbon tetrachloride, alcohol ether, 
and glacial acetic acid. While it appeared to be very soluble in glyc- 
erin this was not considered to be a suitable solvent for molecular 
weight determinations. This insolubility in various reagents also 
checked attempts to further purify the compound by crystallization. 

Negative results were obtained in practically all cases in trials to 
precipitate the complex ion as the salt of a heavy metal. The follow- 
ing ions gave no precipitate nor change in color in an aqueous solu- 
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tion of the complex: Ag, Ba, Ca, Cu, Al, Hg, Mn, Cd, Cr, Ni, Zn, 
Mg, Sr, and Sn. Cobalt gave no precipitate but the solution turned 
brown. Lead, both as acetate and as nitrate, gave an abundant pre- 
cipitate but when this was filtered off the filtrate, which at first was 
aclear green color, after standing formed more precipitate. Therefore 
purification in this manner did not appear to be possible. 


II. FERRIC AND FERROUS IONS 


It has been shown in connection with the experiments on Chlorella 
(experiment 1a), that when the citrate concentration is increased in 
a solution containing iron there occurs a decrease in the sulphocya- 
nate reaction for ferric iron. It was also shown in experiment 11 that 
the complex compound shows a very slight reaction for ferric iron, 
and a rather definite test for ferrous iron. The fact that ferrous iron 
is present in such solutions is no doubt of great importance and the 
subject will be discussed later. It can be assumed that it is formed 
through the reducing action of the citrate. 

For the present we may consider the effect of complex-ion forma- 
tion on these reactions. If the complex formed is a somewhat stable 
one, we should expect these reactions to fade out at the point of com- 
plex formation, or at least to be very faint. That such is the case will 
be seen from the following experiments. 

EXPERIMENT 12: FERRIC-ION REACTION IN IRON-CITRATE MIX- 
TURES.—In this case only the ferric-ion reaction was studied. Molar 
solutions of ferric chloride and potassium citrate were mixed in such 
proportions as to give the ratios shown in table XVI, where the 
colors of the solutions and the sulphocyanate reactions after dilution 
are also given. The reaction for ferric iron is seen to fade out at the 
ratio 1:1.5. 

EXPERIMENT 13: FERROUS AND FERRIC-ION REACTIONS IN IRON- 
CITRATE MIXTURES.—This time the reactions for both ferric and 
ferrous ions were followed, the latter by means of potassium ferri- 
cyanide. The same procedure as used in experiment 12 was em- 
ployed. The results are given in table XVII. As before, the reaction 
for ferric ions fades out at the ratio 1:1.5. The reaction for ferrous 
iron is interesting, as a very strong test is given at the ratio 1:0.5, 
where that for ferric ions is also strong, and then as the amount of 
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citrate is increased the reaction decreases. It finally fades out, as 
does the reaction for ferric iron, but at a somewhat greater citrate 
concentration. What is taking place as the citrate ion increases may 
be considered to be: (1) ferric iron is partly reduced to ferrous iron; 


TABLE XVI 


EFFECT OF CITRATE ON REACTION FOR FERRIC IRON, 
EXPERIMENT I2 








SOLUTION RaTIo Coron Fre(SCN); REACTION 
FE: CITRATE ON DILUTED SAMPLE 





Brown Deep blood red 
Pale brown | Cherry red 
Green Faint red 
Green Green 

Green Green 

Green Green 














(2) both are converted into the complex; and (3) both ferrous and 
ferric ions are further depressed by an excess of citrate. The ratio 
[Fe. .]/[Fe. ..] may therefore be expected to change with increasing 
citrate from a low value to a high one, but in a manner difficult to 
predict except from quantitative data. In solutions in which the cit- 


TABLE XVII 


EFFECT OF CITRATE ON REACTIONS FOR FERRIC IRON 
AND FERROUS IRON, EXPERIMENT 13 








Ratio 


SOLUTION NO. FE: CITRATE 


=e WITH 
Tests KSCN K;FE (CN)s 





Strong Very strong 














rate is greater than that called for by the 1:1.5 ratio the total iron- 
ion concentration, ferrous and ferric, will be very small; and the ratio 
of ferrous ions to ferric ions, although perhaps large, may not have 
a finite value. 


III. EQUILIBRIUM CONDITIONS OF POTASSIUM 
IRON-CITRATE COMPLEX 


An understanding of the relation of the theory of complex-ion 
formation to the various facts presented in this work will be en- 
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hanced by a consideration of the equilibrium conditions which should 
be expected in such solutions. For the purposes of discussion it is 
assumed that only ferric ions are formed, although as shown ferrous 
ions are also present. 


By ordinary ionization the complex iron citrate compound 


KH, {(C,;H,0). (CO;), Fe.} breaks up as follows: 







K3H;{ (C;H,0);(CO.), Fe} =3K+3H+ {(C;H,O);(CO,),Fe.} (1). 


The mass law equation for this is: 









[K'}-[H"}-[{(CsH,0);(CO,), Fes}titt] _ a ' 
{K;H,{ (C;H,O),(CO.) Fe. }] = Kionization (2), 












where Konization IS the ionization constant of the complex compound 
itself. The complex anion formed in this dissociation, however, also 
ionizes to a slight but appreciable extent into iron ions and citrate 
ions, so that we have: 








{(C;H,O),(CO.),Fe, } mil = 2Fe*+3C6H,O,'"'* (3). 


The mass law equilibrium in this case is: 





[Fe .. P+[CHO,8 _ - 
[ i (C;H,0);(CO.) oF ez } ] = Ninstability (4 ; 






















where K;,stabitity is the dissociation constant of the complex ion. This 
constant has a very small value, showing stability of the complex 
anion to be high. The numerical value is not known but its relative 
magnitude can be deduced from data already given. 

It is with equation (4) that we are principally concerned. The 
effect of various factors on this equilibrium will therefore be con- 
sidered. 

The solubility of iron at alkaline reactions when citrate is present, 
as is described in a previous paper (HOPKINS and WANN 6), may be 
explained by these equations. The stability of the complex is such 

‘The reaction is probably not so simple as shown in equation (3), and other reactions 


may occur which give rise to true citrate ions CsH,O,"" instead of CsH,O0,'" as shown. 


For the purposes of the present discussion the reactions as shown are considered to be 
sufficient. 
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that the concentration of iron ions is very small; hence insoluble 
compounds like Fe(OH), or FePO, will not form, since their solubil- 
ity products are greater than this value. The higher the citrate con- 
tent, therefore, the less is the tendency for these compounds to form 
and remove the iron from solution. 

The effect of changing citrate concentration on growth of Chlorella 
can now be explained as well. Consider a culture solution in which 
iron and citrate are in such proportions as just to form the complex. 
Most of the iron will then be present in the complex anion, but at 
the same time there will be present a small but sufficient concentra- 
tion of iron ions for a certain amount of growth to be possible. This 
is due to the slight ionization of the complex anion as shown in equa- 
tion (3). As the concentration of the citrate ion is increased, the 
concentration of the iron ions must decrease in order to maintain K 
instability constant. The growth of Chlorella will then be depressed, 
let us say, due to this decrease in iron ions. If the citrate is further 
increased the iron-ion concentration, although small, will be de- 
pressed and continue to decrease until finally a point will be reached 
where there are insufficient iron ions present for growth to be pos- 
sible. 

The reduction of the toxicity of large amounts of iron in culture 
solutions containing citrate, as reported by UspENsk1 (11) for Vol- 
vox, and as indicated by the tolerance of Chlorella to large amounts of 
total iron as reported previously (6), can also be explained on the 
basis that the active iron or iron-ion concentration has been reduced 
to such an extent that there is no injury. 

The effect of changing the hydrogen-ion concentration may be 
partly explained on this basis. If the hydrogen-ion concentration is 
increased it is evident, since citric is a weak acid, that the citrate 
ion will be depressed, and hence the iron-ion concentration must in- 
crease in order to maintain the constancy of K instability in equation 
(4). This would then cause certain changes in growth apart from 
the effect of the H-ion per se, and it may even be that the inhibition 
of growth at low pH values is partly due to this increase in the iron- 
ion concentration which is toxic. The converse effect would be 
brought about at high pH values, and it is therefore suggested that 
the final depression and inhibition of the growth of Chlorella as the 












1930] HOPKINS—IRON-ION CONCENTRATION AND GROWTH 237 






OH-ion concentration is increased (WANN and Hopkins 12) may be 
due partially at least to its effect in reducing the iron-ion concentra- 
tion to a point where growth will not occur. Thus the effect of pH 
may not be. direct but indirect. 
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| Discussions and conclusions 

: The results thus far obtained, as recorded in this paper and in the : 

‘ previous work already mentioned, appear to make the whole matter : 

. of the relation of iron to culture solutions and to growth much clearer ; 

e by explaining many diverse results on one fundamental basis, name- 

is ly, that of the theory of active iron or iron-ion concentration. It is ‘ 

m hoped, however, that this idea may have even wider application than 

¥ to the iron problem alone, important as this is. The suggestion is 

K ventured that other metals which form such complexes with organic 

q acids will be found to behave in an analogous manner. The elements 

Pi calcium and manganese might be mentioned. The réle of the former 

“ in the clotting of blood, for instance, is well known. It is also true : 

e that citrates will prevent blood clotting, and that calcium forms a 

= complex with citrates. A logical explanation in this case may there- 
fore be that citrates bring about this effect by depressing the cal- 

- cium-ion concentration. In the case of blood leucocytes, Miss WOLF 

ol (15) found that calcium was the only inorganic ion to be positively 

of chemotactic, but when in the form of calcium citrate she states that 

re the negative chemotaxis of the citrate ion neutralizes the positive ’ 

a effect of the calcium. A better explanation would perhaps be that : 
the calcium ion is depressed through the formation of a complex 

re calcium-citrate anion. 

fa In regard to iron, its solubility at high pH values in the presence 

We of citrates is made clear, and undoubtedly this holds for other organic 

a acids and compounds. This fact may also be applied to the availabil- 

ne ity of iron in soils at high pH values when organic matter is present, 

Bi and to its unavailability when it is absent. 

i The relative availability claimed for iron furnished in different 

oil forms may be nothing more than a comparison of the varying solu- 

he bilities of the iron in these salts in the culture solutions used, or, as- 

‘hat suming the iron to be in solution, a comparison of the varying values 


for the iron-ion concentration occurring under these conditions. 
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However, the effect of a change in the ratio ferrous to ferric iron 
should not be lost sight of. The case is analogous to-various physio- 
logical effects attributed, in the older literature, to different acids 
which we now know may be explained largely on the basis of the 
hydrogen-ion concentration involved. 

This idea will undoubtedly have an important bearing on condi- 
tions within the living cell where, due to the organic substances 
present, we should expect complex-ion formation to take place. 
Changes in the metabolism of the cell may thus be expected to 
change the iron-ion concentration and modify physiological re- 
sponses, just as changes in the external solution by which the cells 
are bathed might do. What these intracellular complexes containing 
iron are is not well understood. ANSON and Mirsky (1, 2) have 
called attention to the wide distribution in living cells of certain 
iron-pyrrol complexes known as heme compounds, to which they 
assign a réle in biological oxidations on the basis of the theory of 
WARBURG (13, 14). These complexes may have a function in regu- 
lating the intracellular iron-ion concentration, which in turn is un- 
doubtedly affected by that of the external solution. 

In regard to cellular respiration, if iron has the importance as- 
signed to it by WARBURG it would be natural to assume, on the 
basis of the ideas presented in this paper and on general physico- 
chemical considerations, that it is the active or iron-ion concentra- 
tion and not the total iron which is the essential catalyst in cellular 
oxidation. Since the iron-ion concentration has been shown here pro- 
foundly to affect growth, which is one of the manifestations of respi- 
ration, it seems logical to attach the importance to it rather than to 
the total iron. 


Summary 


1. Studies on the growth of Chlorella sp. in culture solutions con- 
taining iron salts with sodium or potassium citrate in many different 
combinations indicate that iron is effective physiologically in the 
form of its ions. The total soluble iron may vary within wide limits 
and still have the same effect, either on growth or toxicity, providing 
the iron-ion concentration is the same. Certain observations point 
to the fact that some species of bacteria behave similarly. 
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2. The effect of citrates on growth in solutions containing a con- 
stant amount of total iron is paralleled by their effect on the relative 
jron-ion concentration as determined by chemical tests. 

3. A theory relating iron-ion concentration to growth based on 
complex-ion formation has been developed which makes clear many 
problems involved in culture solution work, in the field and in bio- 
logical phenomena in general. 

4. The iron-ion concentration necessary for the growth of Chlorella 
is small. A provisional value at which growth may just take place 
has been calculated to be 1.47 X10~° gram ions. 

5. It is suggested that the iron-ion concentration plays an im- 
portant réle in many physiological processes, especially those involv- 
ing cell metabolism such as biological oxidations, and that these 
processes should be reconsidered in their relation to the iron-ion 
concentration rather than to the total iron. 
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HOURLY VARIATIONS IN CARBOHYDRATE 
CONTENT OF LEAVES AND PETIOLES*' 


CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 401 
Harry F. CLEMENTS 
(WITH EIGHTEEN FIGURES) 


Introduction 


There are few fields in biological work which offer greater 
obstacles to investigation than that phase of plant physiology which 
deals with the photosynthetic activities of plants. This is especially 
emphasized when it is remembered that nearly a century ago the 
granule of starch in the chloroplast was observed as distinct from 
the chloroplast itself, and only a few years later it was determined 
that starch was formed by green plants in the sunlight. Still later it 
was discovered that some simpler form of carbohydrate is the fore- 
runner of starch. And now, nearly a century later, little more has 
been learned about the process itself. Extremely interesting and in 
many cases important data have been obtained by the hundred 
and more workers who have reported since that time regarding 
the fluctuations of the carbohydrates in the leaves of a great variety 
of plants. The quantitative results of some of the earlier workers 
have been challenged on the grounds of unreliable procedures, but 
although more evidence has been accumulated through the use of 
modern and accurate methods, the conclusions drawn by the earlier 
workers remain. ; 

The German workers have been most active in this field. A large 
share of their work has been done on a purely microchemical basis, 
with special emphasis on attempts to follow the details of starch 
formation. This has resulted in extremely valuable information, but 
the fact remains that where starch alone is observed only a por- 
tion of the synthetic process is studied. Starch will not accumu- 

* The investigation reported in this paper was carried on by the writer as Assistant 
in Plant Physiology in the Botanical Section of the Michigan Agricultural Experiment 


Station at East Lansing, Michigan. By permission of Director V. R. GARDNER, the 
paper is published in the BoTaANicaL GAZETTE. 
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late in all plants, and even where it is found to occur abundantly 
it does not do so if the soluble carbohydrates are able to move from 
the leaves as rapidly as they are formed. Thus, when starch de- 
position alone is observed only an incomplete study of the entire 
carbohydrate synthesizing system can be made, since much of the 
sugar formed disappears from the leaves before it is changed to 
starch. In other words, such observations interpret only the accumu- 
lation of carbohydrate materials in the leaf. 

It is desirable to know, however, as the recent work of LANGNER 
(18), ALEXANDROV (1), and others shows, that starch is deposited 
systematically in the various tissues of the leaves. Thus, LANGNER 
has demonstrated that the successive layers of the spongy tissue be- 
come filled with starch after the latter has accumulated in the pali- 
sade layer. This continues inward, and at the end of the day the 
starch disappears first from the palisade layer followed by those of 
the spongy tissues most distant from the vascular bundle. ALEXxan- 
DROV has shown that there usually is some starch present in the 
sheath around the bundle. 

The three principal contributions by the English have been purely 
quantitative. The quantitative method, although it yields results 
which portray the types of carbohydrates and their relative amounts 
in plant tissue, does not yield information regarding the distribution 
of these compounds within specific tissues or cells. Thus in the leaf 
it is possible to have certain forms concentrated in the cells of the 
bundle sheath, others in the palisade tissues, and still others in the 
minor veins; and yet its analysis as a whole would show only relative 
totals. 

Inadequate though each method of attacking this important prob- 
lem of carbon assimilation may be, each has contributed informa- 
tion furnishing clues and suggestive interpretations. Until a con- 
venient combined use of microchemistry and macrochemistry is de- 
veloped, much can be learned of the synthetic processes of plants by 
the use of these methods separately. 


Historical data 


Von Mout (22) was the first to notice that the chloroplast and the 
granule of starch were really two entities, and that starch was formed 
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by the chloroplast. Apparently this observation escaped the im- 
mediate attention of scientists, for it was not until 1862 that SACHS 
(29) made the far-reaching generalization that starch was formed in 
the chloroplasts, and also that it was formed there in the presence of 
light and was removed at night. In 1870 the BAEYER (2) theory of 
carbon assimilation was announced. Later SAcus (30) stated that 
materials move out of the leaves both day and night, and that 
normally leaves are relieved of the photosynthate during the day and 
only the accumulated excess is removed at night. He called atten- 
tion to the fact that conditions are more favorable for translocation in 
the warmer hours of the day than they are at night when it is cooler. 

MEYER (20) pointed out that starch formation was not universal 
in plants, which observation had been previously recorded by 
BorHm (5), who worked with a number of plants. SCHIMPER (31) re- 
peated the earlier experiments on starch, and in addition showed 
that by floating leaves on a glucose solution starch may be formed 
in them even in the dark. 

In the early works reviewed so far microchemical methods were 
used exclusively, but in 1893 BRowN and Morris (4) reported work 
in which quantitative methods were employed. Their ideas are brief- 
ly as follows: Because cane sugar is more abundant in the leaves 
and fluctuates in amount more than any other sugar, it is the first 
sugar formed; fructose is always in excess of glucose; maltose is 
present; cane sugar is hydrolyzed and translocated as dextrose and 
levulose while starch is moved as maltose and is formed directly from 
cane sugar. 

During this period there was considerable speculation as to 
the form in which carbohydrates were translocated. Brown and 
Morris claimed that glucose, fructose, and maltose were the forms. 
ROBERTSON, IRVINE, and Dosson (27) were unable to find invertase 
in the roots of the sugarbeet, and concluded that sucrose must be 
moved as such from the stems and leaves. STRAKOSCH (35), using 
microchemical methods, found that dextrose was the only sugar 
which occurred in the palisade cells of the sugarbeet leaf. 

CAMPBELL (6) suggested: 


The reducing sugars are the first carbohydrates to be formed as soon as daylight 
begins. A little later the sucrose curve begins to rise, and later still the starch 
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curve. It would also appear that the cane sugar does not rise until the reducing 
sugars have reached their maximum which they maintain throughout the period 
of illumination. Similarly the starch does not rise in its turn until the cane sugar 
has reached its maximum. 


STEPHANI (34) held that in view of the fact that reducing sugars 
are very scarce in the root of the beet, sucrose must be formed in the 
leaves. RUHLAND (28), however, thought that the sugars moved as 
simple sugars and were resynthesized. DELEANO (14) failed to 
crystallize any sucrose from the leaves of Vitis vinifera, and hence 
thought it absent. PELLET (25) reported that in the sugar cane glu- 
cose, fructose, and sucrose move together through the stem. PARKIN 
(24), working with Galanthus nivalis, indicated that because sucrose 
was more abundant and fluctuated in the leaves more than simple 
sugars it was the primary one; although as the leaves grow older and 
the season advances, sucrose as well as starch is less abundant, and 
the reducing sugars increase in amount. 

Davis, DatsH, and SAWYER (12) reported on the sugar mangold, 
and Davis and SAWYER (13) on the potato. Some of their conclu- 
sions in respect to the mangold are: (1) Starch is present in the 
mangold leaves only during the very early stages of growth before 
extensive root development starts. (2) During the early life of the 
plant, when the leaves are developing rapidly, sucrose is present in 
the leaves in excess of the simple sugars. Later in the season, when 
storage is proceeding, the reverse is true. (3) Hexoses always pre- 
dominate in the midribs and stalks. (4) Maltose is never present. 
(5) Pentoses are not abundant and are probably formed from hexoses 
and appear to be the precursors of the pentosans. 

The conclusions of Davis and SAWYER in reference to the potato 
are: (1) When the tubers are beginning to develop, the principal 
sugar in the potato leaf is saccharose. Its amounts increase from 
sunrise up to 2:00 P.M. (2) The hexoses are present in amounts 
greater than 1 per cent of the dry weight. (3) Starch is apparently 
formed from hexoses. (4) In the stalks reducing sugars predominate. 
(5) Maltose is entirely absent from the potato. 

MILLER (21), studying the relation between sorghum and corn, 
showed that although sucrose may be more abundant than the re- 
ducing sugars, this in itself is no argument favoring sucrose as the 
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first sugar of synthesis. ToTTINGHAM et al. (36) reported upon sugar 
variations in the leaves of the sugarbeet as affected by climatic 
variations. 

PRIESTLEY (26) questioned the function generally assigned to 
sucrose. Using the data of Davis, DatsH, and SAWYER, he demon- 


strated that in reality the reducing sugars might be regarded as first 
sugars formed. 


Materials and methods 

It is impossible to over-emphasize the care which must be exer- 
cised in all analytical work pertaining to carbohydrates. Every at- 
tempt was made and every precaution taken to insure comparable 
and reliable results. 

Three species of plants were used, Helianthus annuus, Soja max 
var. Ito San, and Solanum tuberosum var. Russet Rural. These 
plants were selected for various reasons: (1) All of them are common- 
ly grown as annuals in Michigan. (2) All three plants have a rather 
shallow and limited root system, probably rendering them sensitive 
to variations in moisture conditions. (3) As these plants were used 
for other nutritional work which will be recorded later, it was desir- 
able to use one plant which stores its excess food mainly in the form 
of carbohydrate (potato); another which accumulates large reserves 
of proteins (soy bean); and a third which forms considerable amounts 
of oil (sunflower). (4) All three plants lend themselves well to anal- 
ysis. (5) The plants are rather homozygous (this is true of the soy 
bean). The potatoes, for which the writer is indebted to Dr. E. J. 
Korma of Michigan State College, were multiplied from a single 
tuber selection. The sunflower is genetically a mixture, of course, but 
data presented later will show that the results are not greatly vari- 
able even for such a plant. 

All three crops were planted in rows May 20, 1926, and May 22, 
1927, in a sandy loam soil of some uniformity. The plants were 
located in Field 19 of the experimental fields of the Michigan State 
College Experiment Station near East Lansing, Michigan. Approxi- 
mately three one-quarter-acre plots were uséd. Because of a dry 
period at seeding time it was necessary to replant the soy beans on 
May 30, 1926. From this time on the plants grew well. When nec- 
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essary, the plants were thinned to conform with commercial prac- 
tice. The crops were cultivated three times. 

Samples were collected at three different times each year. Whena 
series was to be gathered, only a portion of each plot was used for 
sampling. For example, one row of sunflowers was selected for the 
work, in this way limiting the area from which the plants were 
selected and thus reducing soil variations to a minimum. When col- 
lections were made, 50 gm. of leaves and 50 gm. of petioles were 
gathered from each of the three species. It was the practice to gather 
the leaves which were but recently mature, which showed a decided 
thriftiness, and which were exposed to direct sunlight during the day. 
Usually only one leaf was picked from a single plant. Thus, in the 
case of the sunflower, a sample represented a composite of 8-10 
plants; in the case of the soy bean, 45-50 plants; and in the case of 
the potato, 50-60 plants. In this way any fluctuation which occurs 
probably represents the average condition prevailing and not any 
individual difference. 

In any particular series the material from all three plants was 
gathered once each hour for 24 consecutive hours. The routine was 
so arranged that not longer than 10 minutes elapsed after any one 
selection was made before the petioles and midribs had been severed 
from the leaves and both portions placed in 95 per cent alcohol. 
Thus any possible chance for change in the metabolic state between 
picking and killing was reduced to a minimum. In leaves of all three 
species it was noticed that at the end of 30 minutes chlorophyll was 
diffusing abundantly into the alcohol. Penetration and killing were 
therefore rapid. Keeping plant materials at ordinary temperatures 
and effecting a killing in 30 minutes must necessarily be fully as 
accurate as drying, if not more so. The method employed by Davis, 
DatsH, and SAWYER is unquestionably ideal, but since the material 
was gathered half a mile from the laboratory, it was impossible to 
adopt their procedure. They state that all their material was intro- 
duced into boiling alcohol not later than an hour after it was gath- 
ered. Thus by speeding up the routine in this work and killing the 
material in alcohol in 30 minutes, probably there is little difference 
in accuracy between the two methods. The samples were weighed to 
a tenth of a gram, and were preserved in alcohol, using a proportion 
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of about one part of sample to eight parts of alcohol by volume. 
The alcohol was previously treated with ammonia to render it slight- 
ly alkaline. It was tested after the sample had been killed in it and 
found to be practically neutral to litmus. The preserved plant ma- 
terials were then stored in a cool place until they could be analyzed. 
At the time the samples were gathered, records of temperature and 
light intensity were made. These readings were taken every 10 min- 
utes, and thus offer an accurate record of the fluctuations during the 
day. The instrument used in determining the intensity of light con- 
sisted of a thermometer with a blackened bulb inserted in a large 
glass tube from which all air was removed. Thus any rise in tempera- 
ture would be due to the heat of the sun absorbed by the blackened 
bulb. These instruments were placed in the center of the plot and 
the data thus represent an average condition experienced by the 
plants. The temperature readings are reported in centigrade degrees, 
as are also those of light intensity. 


ANALYSES 


ExtTraction.—The alcohol in which the material was killed and 
preserved was poured off and the leaves and petioles were thoroughly 
ground in a plate grinder. Fresh 80 per cent alcohol was added to the 
ground sample, which was then placed on a water bath and refluxed 
for two hours. The alcohol was then filtered off and the filtrate com- 
bined with the original alcohol. The residue was designated as A 
and the combined filtrates were then distilled off under reduced pres- 
sure between 40° and 50°C. When only a thick syrup remained it was 
taken up with water. Sometimes it was necessary to warm the water 
and to add a few pebbles in order to remove the oily, sticky mass 
which adhered to the walls of the distilling flask. The material was 
then clarified by treatment with Horne’s dry lead in slight excess to 
precipitate all the chlorophyll and other fatty material. The coagu- 
late was allowed to settle for a few minutes and removed. Enough 
of a saturated solution of disodium phosphate was added to precipi- 
tate the excess lead. The precipitate was then filtered off, made up to 
volume, and analyzed. 

SIMPLE SUGARS AND SUCROSE.—Simple sugars were determined on 
. §0 cc. aliquots of the clarified solution. The reducing power of all 
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sugar samples was obtained with the use of the SCHAFFER-HARTMAN 
(32) modification of the MuNSON-WALKER method (16). In order to 
obtain the sucrose content of the solution, aliquots of the alcoholic 
extract were taken and hydrolyzed according to the chemical method 
as outlined in the Official Methods (16). The reducing power was 
again obtained and the sucrose content calculated from the difference 
in the reducing power before and after hydrolysis. 

DEXTRINS AND SOLUBLE STARCHES.—The dextrins and soluble 
starches in a few preliminary experiments maintained such a uniform 
amount throughout the day and night that it was not considered wise 
to multiply analyses just for the sake of thoroughness. Thus these 
two groups are included with the insoluble starches. 

INSOLUBLE STARCHES.—Residue A was transferred to a beaker 
with water and the mixture brought to boiling point in order to 
gelatinize the starch. The beaker was cooled to approximately 37° C., 
10 cc. of fresh saliva added, and the whole mass allowed to digest 
overnight in an incubator heated to 37° C. Preliminary tests showed 
that most samples were entirely free from starch after two hours of 
digestion; but to insure complete hydrolysis of starch, and because 
the routine was so arranged, the samples were allowed to digest 
overnight. The material was filtered, the residue being designated 
as B. The filtrate was acidified to the extent of 2.5 per cent H,SO, 
and heated on a boiling water bath for 1.5 hours. After the solution 
was cooled, neutralized with concentrated NaOH, and turned slight- 
ly acid again, it was made up to volume and the reducing power was 
determined as before. Starch was reported as glucose. 

HEMICELLULOSES.—Residue B was washed off the filter paper 
with 2.5 per cent sulphuric acid and heated on a boiling water bath for 
2.5 hours. Great care was exercised in keeping all the water baths 
boiling uniformly, so that results might be comparable. The solution 
was filtered off, neutralized, turned acid again, analyzed as before, 
and reported as glucose. 

All the results presented in this paper are reported in percentages 
of the green weight of the collected sample. CHIBNALL (7) favors the 
practice of reporting the analyses in terms of percentages of green 
weight, which he feels represent a truer record of conditions existing 
in the plant. Davis, DatsH, and SAWYER, however, state that re- 
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porting results on a dry weight basis does away with errors en- 
countered because of the tendency of the leaves to be lower in 
moisture during the time when transpiration is excessive and higher 
when water loss is at a minimum. Without question, both these atti- 
tudes are reasonable, but although the latter does away with the un- 
controllable factor of transpiration, it introduces a new error which 
is probably of greater dimension than the one eliminated. This error 
is due to the fact that great quantities of starch are deposited in 
leaves sufficient to make up as much as to per cent of their dry 


TABLE I 
GRAMS OF GLUCOSE 








SIMPLE SUGARS SUCROSE STARCH HEMICELLULOSES 
SAMPLE LEAVES 





A B A B A B A B 





Soy bean 23....|0.0213 |0.0229 |o.1084 |o.1080 |0.1225 |o.1223 |o.2261 |o.2288 
Soy bean 19....] .0346 | .0354 | .0425 | .0425 | .1678 | .1691 | .2317 | .2351 
Soy bean 16....] .0345 | .0355 | .0731 | .0728 | .0886 | .0886 | .3330 | .3371 
Soy bean 20 .0338 | .0341 | .0829 | .0827 | .29064 | .2044 | .3733 | .3744 
Potato 17....| .0353 | .0371 | .0890 | .0893 | .1608 | .1608 | .1286 | .1300 
Potato I9....| .0277 | .0264 | .0339 | .0333 | .0513 | .0507 | .1307 | .1375 
Potato 18....| .0464 | .0450 | .0846 | .0846 | .1438 | .1442 | .1760 | .1798 
Potato 10....] .0433 | .0415 | .1208 | .1198 | .2360 | .2384 | .1675 | .1655 
Sunflower 20....| .0732 | .0733 | .0347 | .0346 | .0580 | .0582 | .0776 | .0761 
Sunflower 13....| .0830 | .0841 | .0983 | .0983 | .0987 | .0993 | .3046 | .3087 
Sunflower 12....| .1057 | .1063 | .0560 | .0558 | .0782 | .0785 | .0920 | .0955 
Sunflower 17....|0.0853 |0.0854 |0.0459 |0.0441 |0.0448 |0.0447 |0.2699 |o. 2652 





























weight. Thus, when starch is reported in terms of dry weight it in it- 
self makes up a considerable portion of that dry weight. Therefore, 
at such times the starch values will be too low. On the other hand, 
if it is reported in terms of green weight when transpiration is active, 
less water will be present and hence the values will be high. There is 
little preference between the two methods. 

Since this paper embodies the results of some 4000 analyses, it was 
necessary to minimize the work as much as possible. When the first 
series of samples was gathered, duplicates were taken of each sample. 
Later, however, single samples were taken because it was found that 
two samples picked at the same time gave results which harmonized 
so well that it was not considered necessary to double the analyses 
merely to have the results as averages. Table I shows how closely the 
analyses compare for two samples picked at exactly the same time. 
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Although these duplicates were run on all the first series, only four 
collections of each plant are reported here. All the data of series 1, 
to be presented later, are averages of the duplicate samples, while 
the remaining series are based on the analysis of a single sample. 
Aliquots of the extracted samples were analyzed. 

It is evident from table I that analyses of the simple sugars, 
sucrose, and starch are not widely variable. Greater variability is 
encountered in the hemicelluloses. This can be expected since the 
method of extraction is but relative and not absolute. This fact is 
kept in mind when the results are discussed. 


CONDITIONS OF EXPERIMENT 


It may be well to compare the environmental conditions of the six 
series. The samples for series 1, 2, and 2a were collected in 1926 on 
July 15-16, August 26-27, and September 15 respectively; series 3, 
4, and 5 were collected in 1927 on July 7-8, August 11-12, and 
September 9-10 respectively. Series 1, 2, 3, and 4 represent com- 
plete series, that is, all three plants were used. Series 2a represents a 
special study in which only sunflowers were collected, but instead of 
collecting samples once each hour, they were gathered at 10-minute 
intervals. Series 5 includes studies of the sunflower and soy bean. 
Due to excessive drought the potatoes had died. The days on which 
series 1, 2, and 2a were collected were on the whole warmer than the 
days on which the later series were collected. During the day on 
which series 1 was collected there was very little air movement, and 
the sun was continually bright. The two dips in the light intensity 
curves (fig. 1) were due to passing clouds, of which there were but 
few. The night temperature remained around 11° C., although at 
one time it dropped to 8° C. Series 2 (fig. 1) was likewise collected 
under favorable conditions. Although there were more floating 
clouds than there had been during the earlier collection, the air was 
quiet and the temperature was higher both day and night than in 
series I. 

It will be noted that during the day on which series 2a was col- 
lected (fig. 3) the temperature curve as well as the light curve was 
nearly a straight line. Since this collection required only three hours, 
it was much easier to select a uniform period in which to gather the 
material. 
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Fic. 1.—Light intensity and temperature records in centigrade degrees for series 1 
and 2. 
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Fic. 2—Light intensity and temperature records in centigrade degrees for series 3 
and 4. - 
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In 1927 the periods were not nearly so ideal as in the previous 
year. Series 3 was collected on a windy, cold day: The sky was al- 
most entirely overcast, and the temperature was low all morning 
(fig. 2). The sun came out about 1:00 P.M., and although the tem- 
perature rose somewhat the wind was distinctly cold. The day on 
which series 4 was gathered was warmer and the sun was shining all 
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Fic. 3.—Light intensity and temperature records in centigrade degrees for series 24 
and 5s. 


morning and intermittently during the afternoon. There was little 
or no wind, but the plants were experiencing a 3-weeks period of 

fought because of which the potatoes eventually died. Series 5 was 
collected under more favorable conditions, although there still was a 
lack of soil moisture (fig. 3). The sun shone all day with only an 
occasional cloud. The day and night were very warm, and the air 


was relatively quiet. 
Discussion and conclusions 


A summary of the foregoing data shows that they bear on several 
points of interest to the physiologist. A casual glance at the graphs 
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reveals the roughness of the curves, which is evidence that the 
periods of time between sampling were too long. Where only 10 
minutes were allowed to elapse between consecutive samples, as in 
fig. 18, the curves representing the various forms of compounds are 
relatively smooth, thus better illustrating the actual carbohydrate 
changes going on within the leaf. Perhaps future studies of carbon 
assimilation would afford more accurate results if they were made 
from material gathered at very short intervals. 

Perhaps, too, further experiments regarding carbon assimilation 
would be strengthened were the latitude at which the plants were 
grown taken into consideration. No one has attempted to show to 
what extent differences in latitude may affect the amount and kind 
of predominating sugars or carbohydrates found in leaves. GARNER 
and ALLARD (17), NIGHTINGALE (23), and others have shown that 
latitude will affect the flowering and reproduction of plants. CLEM- 
ENTS (8) has shown that different proportions of fertilizer salt com- 
binations will result in distinct differences in the amount of carbo- 
hydrates present in the plants concerned, and that the effect a salt 
combination has on the quality of carbohydrates is in turn modified 
by different day lengths. It is therefore necessary to study consider- 
able data gathered from the same kinds of plants grown under the 
same conditions, and then to compare these data with those ob- 
tained in a different latitude, other conditions remaining the same. 

The analyses reported here indicate that sucrose is not the primary 
sugar of photosynthesis, and thus oppose the contentions of PARKIN, 
Brown and Morris, and Davis, DatsH, and SAwYER. Perhaps the 
assumption that glucose and fructose are the only hexose sugars gen- 
erally found in the leaves of plants led them to that conclusion, since 
sucrose is composed of these two forms. Were glucose the first sugar 
formed by the plant, a change of part of it to fructose would be 
necessary before the sucrose could possibly be formed. The well- 
known enol conversion of glucose to fructose and mannose is taken 
by these workers as an all important factor. The fact that mannose 
does not appear in leaves, of course, indicates that this conversion 
does not take place; hence the conclusion that fructose and glucose 
arise from sucrose which therefore must be the first sugar synthe- 
sized. Such reasoning does not appear necessary to eliminate the 
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possibility of the existence of an enolic form of glucose, since this 
form exists only in an alkaline solution, while the changes taking 
place in the leaf are going on under acid conditions. 

The second argument, that sucrose is the first product of syn- 
thesis because sucrose is more abundant in the leaves of plants dur- 
ing the day than are simple sugars, is not borne out by the plants 
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Fic. 4.—Hourly variations in content of various carbohydrates in leaves and petioles 
of sunflower gathered July 15-16, 1926 (series 1). 


‘studied. In series 1 of all three plants (figs. 4-6), sucrose is relatively 
high, but in the remainder of the series the simple sugars are always 
higher than the dissacharides. 

The third argument, favoring sucrose as the primary sugar, is 
that its abundance in leaves varies more than that of the simple 
sugars, and hence it is the primary sugar. STANESCU (33) even clas- 
sifies plants on that basis. He divides them into the saccharophiles, 
those plants in the leaves of which soluble carbohydrates vary great- 
ly in content; the typical amylophiles in which the content of the 
polysaccharides varies more than that of the simpler carbohydrates; 
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Fic. 5.—Hourly variations in content of various carbohydrates in leaves and petioles 
of potato gathered July 15-16, 1926 (series 1). 
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Fic. 6.—Hourly variations in content of various carbohydrates in leaves and petioles 
of soy bean gathered July 15-16, 1926 (series 1). 
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and the amylophiles in which the variations in the content of either 
the simple or complex carbohydrates are not outstanding. If such 
groupings were possible, the results presented here would show that 
according to series 1, all three species of plants were saccharophiles; 
whereas the first collection of samples from the same kinds of plants 
the following year (figs. 7-9) would indicate that they were typical 
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Fic. 7.—-Hourly variations in content of various carbohydrates in leaves and petioles 
of sunflower gathered July 7-8, 1927 (series 3). 


amylophiles. In other words, it seems unwise to use the behavior of 
carbohydrates in leaves as a basis for the classification of plants, 
since under varying conditions of environment the plant will respond 
differently. Thus at times the curves for starches and hemicelluloses 
vary more than those of the simple forms. These facts indicate that 
sucrose does not always vary more than simple sugars. 

In a number of instances the data show no sucrose at all in the 
leaves until long after photosynthesis has begun. Thus in series 2 
(fig. 10), sucrose disappears from the sunflower leaves at 5:00 A.M. 
and does not reappear before 7:00 A.M. In the same series (fig. 11) 
the potato leaves are entirely free from sucrose between 6:00 and 











qsta_wetony 


rae ee ee ee — = . 








scrics3, POTATO suty 7-8,1927. 





Fic. 8.—Hourly variations in content of various carbohydrates in leaves and petioles 
of potato gathered July 7-8, 1927 (series 3). 
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Fic. 9.—Hourly changes in content of various carbohydrates in leaves and petioles 
of soy bean gathered July 7-8, 1927 (series 3). 
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7:00 A.M. In series 3 (fig. 8), of the potato, sucrose disappears at 
4:00 A.M. and does not appear before 7:00 A.M. In series 4 (fig. 12) 
it disappears at 1:00 A.M. In series 2 and 4 of the soy beans (figs. 13, 
14) sucrose likewise disappears. Is it not significant that in series 2 
(figs. 10, 11, 13) all three species used were free from sucrose during 
the morning hours? These facts, together with the microchemical 
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Fic. 10.—Hourly variations in content of various carbohydrates in leaves and peti- 
oles of sunflower gathered August 26-27, 1926 (series 2). 


observations of STRAKOSCH (35) that simple sugars alone appear in 
the mesophyll cells, seem to point decidedly in favor of simple sugars 
and not sucrose as the primary sugar of photosynthesis. It is en- 
tirely possible that pentoses and hexoses both are among the first- 
formed sugars. 

A somewhat unusual concept regarding the réle of sucrose is that 
offered by PriESTLEY, who holds that it is not concerned with photo- 
synthesis at all but that it is found as a by-product of the aging 
protoplasm of cells, and as these cells become vacuolated sucrose is 
released. PRIESTLEY advances this theory from a chemical view- 
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Fic. 11.—Hourly variations in content of various carbohydrates in leaves and peti- 
oles of potato gathered August 26-27, 1926 (series 2). 
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Fic. 12.—Hourly variations in content of various carbohydrates in leaves and peti- 
oles of potato gathered August 11-12, 1927 (series 4). 
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Fic. 13.—Hourly variations in content of various carbohydrates in leaves and peti- 
oles of soy bean gathered August 26-27, 1926 (series 2). 
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Fic. 14.—Hourly changes in content of various carbohydrates in leaves and petioles 
of soy bean gathered August 11-12, 1927 (series 4). 
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point. The fact that sucrose has never been synthesized in the test- 
tube seems to be an important one. If this were to be accepted as 
convincing evidence, it would indeed be difficult to account for many 
of the compounds existing in plants. PRIESTLEY states: 

All these considerations have led the present writer to this conclusion, that the 
cane sugar widespread in plant tissues but not concentrated in amount as a 
storage product arises as a secondary product, formed first of all during the 


complicated metabolism associated with protoplasmic construction and there- 
fore present in the growing cell. 


Apparently where sucrose appears in growing points or anywhere 
else in small amounts, it arises katabolically. This of course elimi- 
nates the places of storage, as in the sugar beet or cane, and must 
also eliminate the leaves, for there is considerable sucrose stored 
there. Since these exceptions are taken, it may be well to ask how 
the sucrose was formed in these cases. 

A great part of the data PriesTLey used in arriving at his con- 
clusions was gathered from roots and stems. The present studies 
furnish evidence which indicates that sucrose can be formed from 
the simple sugars. Using the three species of plants already men- 
tioned, studies were based on the weekly changes of the nitrogenous 
compounds, carbohydrates, and fats. In the roots of the soy bean 
sucrose was found to be entirely absent until late in the season 
(August 1926), at which time the simple sugars were very highly 
concentrated: then sucrose appeared. In the potato stems sucrose 
was present in small quantities during early July, and then was 
absent until the simple sugars reached an amount equivalent to 8 
per cent of the dry weight, when it reappeared and increased in 
amount as the simple sugars decreased. In 1927 this occurred even 
more strikingly. As the simple sugars increased in quantity the 
sucrose curve rose, and a week later fats were accumulating along 
with the sucrose apparently at the expense of the simple sugars. In 
the stems of the sunflower, sucrose was insignificant in amount until 
the middle of August. Up to that time the simple sugars accumu- 
lated, until they constituted 20 per cent of the dry material; then 
the content of sucrose rose from less than 1 to 15 per cent of the 
dry weight, while at the same time the simple sugars decreased. 

These data, many more of which could be cited, indicate several 
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things: first, sucrose was not present in the roots of the soy bean 
and stems of the potato during the active growing season of the 
years mentioned. The single fact that sucrose will appear one year 
in a certain plant part and not the next is sufficient evidence that its 
origin cannot be such as PRIESTLEY maintains. Second, sucrose ap- 
peared abundantly only after the simple sugars reached a certain 
maximum. To say that sucrose gave rise to simple sugars seems less 
likely than the reverse situation. Further, after sucrose appears in 
regions where simple sugars are abundant, fats also appear. Thus it 
would seem that fats and sucrose here were formed from the same 
compounds, simple sugars. If this is the case, it would seem probable 
likewise that the same situation exists in the leaves, and that sucrose 
is not the primary form there but is derived from some of the primary 
forms. 

The data presented indicate that the simple sugars are the usual 
forms in which carbohydrates move from one part of the plant to 
another. All the graphs, however, show that sucrose is present in the 
petioles at some time during each series. It is usually relatively more 
abundant during the early part of the growing season than later. 
Since this is also true in the leaves, it would appear that sucrose 
moves into the petioles as such, and is not (as Davis, Datsu, and 
SAWYER suggest) inverted to form simple sugars on entering the 
veins. In only one case (series 4, soy bean) was sucrose present in 
the petioles when the leaves were free from it. Seemingly it disap- 
pears from the petioles about the same time as it does from the 
leaves. Thus it is apparent that the simple sugars are the common 
forms in which carbohydrates are moved. Sucrose, too, appears asa 
petiolar sugar but it is not nearly so abundant as the simple sugars, 
nor is it found in the petiole at all times. 

These studies show the inadequacy of present-day explanations 
of the processes concerned in translocation, and although they do 
not furnish a basis for the development of a new concept, it will not 
be amiss, perhaps, to point out the demands which must be satisfied 
by any theory explaining the movement of food through plant tis 
sues. Dixon (15) argues that because dyes will move downward 
through the xylem, synthesized foods move through the same tissue. 
Mason and MASKELL (19), however, show that by girdling a stem 
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to the xylem the downward movement of food will be prevented but 
not that of the dye. This finding, together with the results of Curtis 
(9-11), demonstrates that translocation of food materials takes place 
in phloem tissue. That foods do not move through these tissues by 
simple diffusion is apparently shown by the behavior of the carbo- 
hydrates in the leaves of the sunflower. The following data indicate 
that carbohydrates move out of the leaves and petioles in such large 
quantities and so rapidly that an explanation based on the principles 
of diffusion is inadequate. The starch in the leaves of the sunflower 
in series 1, 3, 4, and 5 drops from the maximum amount to the mini- 
mum in the comparatively short time of one or two hours. In series 
1, therefore, the starch content of the sunflower leaves decreases 
from 1.6 to 0.2 per cent in one hour. Were this amount reported on 
a dry weight basis it would be equivalent to approximately 9 per 
cent of the dry material of the leaf. An explanation of translocation, 
therefore, must not only account for the rapidity of food movement 
which is demonstrated by these data, but it must also account for 
the movement of large quantities of material. 

A third requirement of a theory explaining translocation is per- 
haps demonstrated by the behavior of the starch curve of the sun- 
flower leaves in series 1 after sunset. In series 1, the starch content 
of the leaves increases from approximately 0.4 to 1.2 per cent. This 
increase apparently cannot be explained by assuming that other 
carbohydrates are being changed to starch since these forms remain 
practically constant. Since photosynthesis is no longer going on, it 
is probable that the sugar from which this starch is formed is really 
coming back into the leaf from the petiole. BENNETT (3), using a 
mosaic virus as an indicator of translocation, shows that food move- 
ments can be reversed. Thus when the young first year canes of the 
raspberry are growing vigorously, the movement of foods is appar- 
ently downward toward the crown of the plant. When the top of 
such a cane is pruned off and all its leaves removed, however, the 
virus which seems closely associated with the food stream goes back 
up the stem. Thus the third requirement of a theory explaining 
translocation demands recognition of reversibility of the food 


streams and the rapidity with which this phenomenon is accom- 
plished. 
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The data representing the variation in the content of hemicellu- 
loses indicate that the part played by these reserves in the metabo- 
lism of plants has been underestimated by physiologists generally, 
NIGHTINGALE summarizes the consensus of opinion regarding the 
activity of hemicelluloses by suggesting that they are a type of re- 
serve which can be used by the plant as a source of energy when 
other foods are practically consumed. During the summer of 1926, 
the hemicelluloses varied considerably each day, and it should be 
remembered that climatic conditions favored carbohydrate accumu- 
lation. 

The fluctuations of the hemicelluloses indicate that they are im- 
portant food reserves. In series 1 this group of reserves does not 
vary so greatly, but in the night after the second drop of the starch 
curve the hemicelluloses increase considerably, and as they again dis- 
appear more starch appears. The petioles contain constant amounts 
of these polysaccharides. Likewise in the other series there are in- 
stances which show that simple sugars, sucrose, or starch may in- 
crease in quantity while the hemicelluloses decrease, and vice versa. 

There are many variations in the quantities of hemicelluloses in the 
leaves that are rather large and suddenly abrupt (figs. 15-17). At first 
they may be thought to be due to analytical inexactness. To test this, 
series 2a was collected. Collections were made for 3 hours at intervals 
of 10 minutes (fig. 18). In only a few cases is the variation within 
a 10-minute period slightly over 0.1 per cent. The curve for starch 
varies but slightly. The curve representing the hemicelluloses offers 
a basis for a new concept regarding these seemingly inactive reserves. 
Dropping from 0.72 at 11:40 A.M. to 0.32 per cent at 12:30 P.M, 
it shows a small decrease at each 10-minute interval. It rises again 
to 0.8 per cent during the next 20-minute period. Thus it appears 
that any large fluctuation which occurs in the space of an hour might 
well be considered an accurate record, and not just a haphazard 
scattering of points due to inadequate analyses. _ 

These facts seem to indicate that when the formation of car- 
bohydrates is taking place rapidly, the hemicelluloses behave in 
precisely the same way as starch, but when starch forms rapidly 
enough to remove the sugars from the chloroplastid solution the 
latter do not diffuse in large quantities into the vacuole of the cells 
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Fic. 15.—Hourly variations in content of various carbohydrates in leaves and peti- 
oles of sunflower gathered August 11-12, 1927 (series 4). 
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Fic. 16.—Hourly variations in content of various carbohydrates in leaves and peti- 
oles of sunflower gathered September 9-10, 1927 (series 5). 
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where sucrose.apparently is formed. When sucrose-forms abundant- 
ly, it is evidence for the conclusion that the simple sugars are diffus- 
ing into the vacuole more rapidly than they can be utilized there for 
energy, or translocated to the other parts of the plant. But when the 
content of hemicelluloses increases rapidly, the vacuolar sugars may 
be so concentrated as to favor the formation of some reserve which 
is entirely removed from the solution. 
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Fic. 17.--Hourly changes jn content of various carbohydrates in leaves and petioles 
of soy bean gathered September g—10, 1927 (series 5). 


Large and rapid variations in the content of hemicelluloses ap- 
parently are of entirely different physiological significance from a 
maintenance of a definite reserve supply throughout a day. Thus 
during the first summer, the climatic conditions of temperature and 
rainfall were such that the plants produced rapid vegetative growth 
and fruited heavily. During the second year, however, rainfall was 
at times so deficient that the plants wilted during the day. This con- 
dition, together with the lower temperature, was not conducive to 
such an excellent crop as was obtained the previous year. During the 
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first year the changes in variations in the amounts of hemicelluloses 
were not only large but also rapid. Here this group of compounds 
seemed apparently a reserve only; but during the next year, when 
moisture was wanting, the hemicelluloses seemed to act as holders 
of water (figs. 8, 12, 14-18). 
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Fic. 18.—Variations in content of various carbohydrates in leaves and petioles of 
sunflower gathered at 10-minute intervals September 15, 1927 (series 2a). 


The material for these analyses (table II) was gathered at 1:00 
AM. on the dates indicated. During this year the plants did not 
suffer from a lack of moisture or heat, and the behavior of the hemi- 
cellulose content was much the same in all three plants. Table III 
is directly comparable with table II but represents the results 
secured in 1927. 

From table III it is evident that the soy bean maintained the 
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largest amount of hemicelluloses during the first four weeks of the 
study, when the temperature was relatively low, and maintained a 
higher quantity during the last seven weeks, during which time the 
plants received only o.1 inch of rainfall. These plants wilted during 


TABLE II 


HEMICELLULOSE CONTENT OF LEAVES, 1926 








PERCENTAGE DRY WEIGHT 





July | Aug. | Aug. | Aug. 
26 9 16 22 





Soy bean 
Sunflower 
Potato 






































the early days of the drought but later remained turgid throughout 
the day, indicating that because of the increased content of these 
water-holding compounds they were able to resist desiccation. 
The sunflower was intermediate between the potato and the soy 
bean in drought resistance. It wilted each day and at first recovered 


TABLE III 


HEMICELLULOSE CONTENT OF LEAVES, 1927 








PERCENTAGE DRY WEIGHT 





July | Aug. | Aug. | Aug. | Aug. 
26 9 16 22 29 





Soy bean ; : : 8 
Sunflower ‘ a3 R 2 9 
Potato x 



































during the night, but during the last week it remained in part perma- 
nently wilted. Its content of hemicelluloses is greatly less than that 
of the soy bean. The potato dried up completely. 

Thus apparently the presence of large amounts of hemicelluloses 
is associated with drought resistance. Some attempts have been 
made by various workers to account for this resistance of plants by 
their content of pentosans. It seems, however, that the hemicellu- 
loses as a group must be considered as possessing that property, 





1930] CLEMENTS—CARBOHYDRATE CONTENT OF LEAVES . 269 


since gums and pectic substances are fully as hygroscopic as the 
pentosans. 

From these data and observations, it is clear that the réle of 
hemicelluloses is not a single one, for under favorable conditions for 
rapid carbohydrate formation they seem to act as temporary re- 
serves in the leaves; while under drought conditions their accumu- 
lation and maintenance in the leaves add to the drought resistance 
of the plant. In addition to these two réles, these reserves as found 
in stems and roots of perennial plants not only contribute to the 
strength of tissues as wall thickenings, but also serve as energy 
reserves. 

Summary 


1. Data on carbohydrate metabolism are presented which were 
gathered from the potato, soy bean, and sunflower during the sum- 
mers of 1926 and 1927. 

2. Distinct differences in rapidity of formation and translocation 
of carbohydrates were observed in plants grown under the favorable 
environmental conditions of 1926 and the unfavorable conditions of 
1927. 

3. Sucrose apparently is not the first sugar formed by leaves, nor 
is it formed as a by-product of vacuolating protoplasm. Its function 
in the leaf seems to be that of temporary storage. 

4. The simple sugars (hexoses and pentoses) seem to be the first 
sugars synthesized by plants. 

5. From the data, observations are made which impose certain 
requirements upon any*iheory which attempts to explain the trans- 
location of food materials from the leaves. 

6. Variations in the content of hemicelluloses are not only large 
but frequent in leaves growing in a favorable environment. Under 
such conditions these materials apparently serve as temporary 
reserves. 

7. When growing conditions are unfavorable, due to deficient 
moisture or warmth, the amount of hemicelluloses is relatively large 
but fluctuations are not observed. 

8. A plant which is capable of producing and maintaining a large 
content of hemicelluloses in its leaves apparently can resist drought. 
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CHEMICAL CONDITIONS IN MATURATION, 
DORMANCY, AND GERMINATION OF 
SEEDS OF GYMNOCLADUS DIOICA 


CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 402 
GEORGE J. RALEIGH 


(WITH SEVEN FIGURES) 


Introduction 


In the great group of plants with dormant seeds, the dormancy of 
which is occasioned by a seed coat which excludes water, may be in- 
cluded Gymnocladus dioica. Impermeable seed coats have been the 
subject of considerable botanical discussion. Most of the early work 
was concerned primarily with the anatomy of the seed, and with but 
passing attention to the physical and chemical features of water ex- 
clusion. PAMMEL (17) studied the anatomy of leguminous seeds, in- 
cluding G. dioica, and listed an extensive bibliography of the earlier 
work. Ewart (7) made an extensive investigation of the longevity 
of seeds, and secured data on many seeds with hard coats. OHGA 
(15) recently discussed the longevity, water absorption, and life 
activity of the seeds of the lotus. 

There have been many conflicting ideas as to what features of the 
hard seed coat give the water-excluding property to the seed. Most 
investigators are agreed that the Malpighian layer is responsible, but 
there is marked diversity of opinion as to what property of this layer 
is involved. BERGTHEIL and Day (2), working with Indigofera ar- 
recta, concluded that impermeability was due to a very thin outer 
layer of substance impermeable to water, but they were unable to 
ascertain with certainty the chemical nature of this layer. Two re- 
cent workers (3, 12) have attributed water exclusion to a rather 
narrow zone of the Malpighian layer, the so-called light line, which 
they consider to have different physical and chemical properties from 
the remainder. Cor and MartIN (3) noted the presence of pectic 
materials in the layer as indicated by microchemical tests. 

NELSON (14) in a preliminary report suggested that water ex- 
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clusion might be brought about by deposit on the seed coats of 
mucilaginous inner pod material. 

The economic aspect of “hard” seeds is of importance. A great 
number of our most useful plants produce some impervious seeds, 
The increasing réle played by the clovers, alfalfa, and other legumes 
in agriculture has stimulated work on the causes of “hardness” in 
seeds, and on the practicable methods of overcoming the dormancy 
caused by water exclusion. In some economic legumes it has long 
been recognized that climatic conditions are responsible for varying 
percentages of impervious seeds. Dry ripening seasons tend to in- 
crease the percentage of seeds which do not imbibe water. When the 
number of impervious seeds is proportionally high, scarification of 
the seeds is profitable. In one of the methods found practicable, the 
seeds are blown against a roughened surface, cutting the impervious 
layers slightly and making the seeds pervious to water. With large 
seeds, however, such methods of scarification are not practicable, 
since the impervious layer is too heavy to be cut by such methods. 
In these cases treatment with strong sulphuric acid is found useful. 

The writer has been interested in the seeds of Gymnocladus dioica 
for a number of years, and early in 1926 began work with the idea of 
obtaining data on the chemical changes in the seeds during the later 
stages of maturity and during germination, with special attention to 
the Malpighian layer of the seed coat. Much work has been done on 
the changes in fats, water-insoluble carbohydrates, and water-solu- 
ble carbohydrates in oil-containing seeds during development and 
germination, but it was thought that this developmental work could 
conveniently be carried along with the developmental study of the 
impermeable seed coat, and might yield data of value, some of which 
possibly would shed light on the major portion of the problem. On 
account of the possible réle of the inner carpellary material of the 
pod in forming the water-excluding layer, it was considered best to 
ascertain some of the chemical changes in that area during the stages 
of later maturity. 

But little work of an analytical nature has been done with Gymno- 
cladus. BARKENBUS and ZIMMERMAN (1) have recently published a 
preliminary analysis of the mature seeds and pod, with special em- 
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phasis on the properties of the oil. Earlier work (11, 13) was done 
from the standpoint of the pharmacologist. 

It was also considered advisable to determine if possible by experi- 
mental means the ways of effecting a change in the seed coat during 
development, as well as means of overcoming the water-excluding 
property of the naturally matured seed coats. 

From the outset it was recognized that the data obtained on 
Gymnocladus dioica could not be expected to hold for the smaller 
seeds of economic importance, not even for those leguminous seeds 
already mentioned. It was hoped, however, that this large seed 
might yield some facts which would aid in diagnosing the cause of 
impermeability in those species of economic importance. 


Materials and methods 


It was not possible to study the development of seeds from the 
same source during successive years. The original lot of seeds came 
from a commercial seed company; seeds of the crop of 1926 were 
obtained from Manhattan, Kansas; while the work done in 1927 was 
carried on in part in the vicinity of Lafayette, Indiana. Analysis of 
the mature seeds of the three lots, however, showed but slight dif- 


ferences. 

For the developmental study, material was gathered for analysis 
at various periods during the later stages of growth. Pods were ob- 
tained by knocking them from the tree, and an attempt was made to 
take pods at random so as to make the samples representative of the 
degree of maturity at that stage. 

The immature pod of Gymnocladus dioica (exclusive of the con- 
tained seeds) can be separated easily into the hard outer portion, or 
pod proper, and the inner portion, which in its more immature stages 
iscellular and quite firm. This inner portion was analyzed at several 
periods during the late stages of development, and it was found that 
the seed could be divided easily into four portions. The outer part of 
the coat, or Malpighian layer, could be scraped off with a dull knife, 
the rupture occurring in the region of the osteosclerid cells. The 
endosperm could then be pulled from the inner portion of the coat, 
leaving the large portion still intact. This remainder was largely the 
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so-called nutrient layer. The rest of the seed consisted of the cotyle- 
dons and embryo. Samples of these various parts were preserved for 
aralysis. An attempt was made during the late stages of maturity 
to correlate water loss with shrinking and the change from permeable 
to impermeable seeds. 

Analysis of mature seeds was not run until the seeds had reached 
a low water content, and had become impermeable to water. The 
seeds were filed until the Malpighian layer was severed, and then 
placed in distilled water and allowed to absorb a maximum water 
content. After this absorption the seed could be separated into the 
parts described for the immature seed. This method of separating is 
subject to criticism, but it was thought to be the most reliable way 
of obtaining a good segregation of the parts of this very hard seed 
coat. Analysis of the water in which the seeds were soaked showed 
that the amount of sugar it contained was not large. 

Methods of trial and error were used on the impermeable mature 
seed coat, and included such lines of attack as cold treatment, long 
continued soaking in water, acid treatment, exposure to violent 
changes in temperature, and the action of fungous growths. 

For the work on the germinating stages, mature impermeable 
seeds were filed and soaked as described, and then placed in the 
germinator between blotting paper at a constant temperature of 
25°C. Samples for analysis were taken at intervals during the 
growth of the young seedlings up to the end of the eighteenth day. 
In this work the cotyledons (and embryos) were analyzed. 


CHEMISTRY 


The methods of analysis were primarily those of Kocn (9). 
Samples were taken when possible from large well mixed lots. In 
some cases lack of material made proper sampling impossible; in 
practically all cases duplicate samples were analyzed. Samples when 
taken were placed in hot 95 per cent alcohol, with sufficient added 
‘to make the solution at least 70 per cent alcohol. Then the sam- 
ples were kept at ice-box temperature, and analyses run as soon as 
convenient. 

The procedure in this work consisted in separating the sample into 
three fractions: the ether-soluble, the alcohol-water-soluble, and the 
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insoluble (insoluble in ether, alcohol, and water) fractions. The 
ether-soluble fraction was largely fat, but contained some phospho- 
lipins. Reducing and non-reducing sugars were run by the Bertrand 
volumetric method. The slow invertase method was used in deter- 
mining sucrose. In testing quantitatively for starch and hemicellu- 
lose, hydrolysis was brought about by boiling the sample for three 
hours in 6 per cent HCl. The acidity of this solution was slightly 
higher than that now recommended, but the first samples were run 
with this dilution, and it was thought best to continue the same 
program to insure comparable results, rather than change to the 
more recently recommended procedure. 

Total pectic materials were determined by the methods suggested 
by Conrab (4), slightly modified. Samples to be analyzed were slow- 
ly dried to constant weight, ground in a mortar, and extracted with 
250 cc. N/30 HCl at boiling temperature for one hour. The soluble 
portion was filtered off, the residue washed and dried, reground in a 
mortar, and the process repeated. This procedure was followed three 
times. In the fourth and last extraction the procedure was-the same 
except that 1 per cent ammonium citrate was used instead of N/30 
HCl. 

Microchemical tests on the finely ground dry residue following the 
fourth extraction showed but slight traces of pectic materials. Quan- 
titative tests were made on the Malpighian layer cut from green 


seeds, and on the layer after soaking it from the mature seed as 
described. 


MICROCHEMISTRY 


Whenever possible macrochemical methods were checked by mi- 
crochemical tests. Where several reliable microchemical tests are 
known for a substance all were employed, although in the discussion 
hereafter only the principal one is mentioned. In some cases micro- 
chemical tests were run, and the amount of substance indicated was 
so minute that analytical procedure was not deemed profitable. Mi- 
crochemical methods used were those outlined by EcKERSON (6). 

Special attention was given to the Sudan III test for fats and cu- 
tin, to the Ruthenium red test for pectic materials, the sulphuric 
acid-iodine test for cellulose, the solubility tests for cellulose and 
hemicellulose, and the copper-oxide ammonia test for cellulose (with 
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special emphasis on the solubility relations of the membrane sub- 
stances). Various other tests, as outlined by ECKERSON, were also 
used. 

Results 


Since the pods of Gymnocladus dioica cling to the tree through the 
winter, one would expect to find no great difference with increasing 
maturity in the ease of separation of the pod from the tree, and ob- 
servation confirmed this supposition. There was a steady increase 
in the size and weight of the pod and inclosed seeds from July to 
September. The first signs of change in September were color de- 
velopments, the light green giving way to a purplish cast. When loss 


TABLE I 


ANALYSIS OF THE INNER POD MATERIAL, SAMPLES TAKEN DURING 
LATER STAGES OF MATURITY 








PERCENTAGE DRY WEIGHT 





DaTE (1927) MOIsTURE Non- Acid- 

Ether-soluble} Reducing reducing | hydrolyzable 
fraction sugars sugars (calculated as 

(sucrose) glucose) 





PORES stot opsiaa keer 75.16 3.78 ‘ 4.2 39 .64 
September 5 70.11 2.19 ; 8.05 59.36 
September 24 65.79 1.87 f 34.75 9.74 




















of water from the pod became greater than water intake, the pod 
began to turn brown; this usually beginning near the tip of the pod 
farthest from the attachment to the tree. With this drying of the 
pod the inner material lost its rather solid cellular structure and be- 
came soft and mucilaginous. Accompanying this change the water 
content of the inner pod material and its total volume decreased 
(table I). It was noted that at no time during the season did the 
inner carpellary material occupy all of the area within the pod not 
taken by the seeds (fig. 1). Experiments to ascertain the possible 
function of this inner pod material gave interesting results. Green 
pods were carefully split so that the seeds were uninjured. The in- 
ner pod material was removed and the pods (with seeds inclosed) 
sealed tightly with adhesive tape. After three weeks at room tem- 
perature the pods were opened. The seeds had not ripened natu- 





Fic. 1.—Top row, cross-sections through immature pod and inclosed seeds (sections 
treated with I, in KI solution); note abundance of starch, compared with untreated 
section in center. Large seeds are of average size for immature seeds of maximum water 
content. Contrast in size between them and mature seed of average size shown just 
above. Longitudinal section through immature pod shown at bottom of figure. In both 


cross and longitudinal sections inner pod material does not come in contact with entire 
circumference of seeds. 
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rally but had dried unevenly; the Malpighian layer had cracked, 
and was not a normal dark color. 

As shown by table I, the inner carpellary material of the green pod 
contained considerable starch. The reducing and non-reducing sugar 
content was then low. At maturity, starch gradually decreased until 
it was practically absent in the mature pod, and the sugars, especial- 
ly the non-reducing ones, increased proportionately. Microchemi- 
cal tests indicated considerable quantities of gumlike materials and 
saponin, both being present in considerable quantities throughout 
the later stages of maturity. The latter material is probably largely 
responsible for the somewhat poisonous nature of the green pod. 
These tests also checked the results obtained by macrochemical 
methods recorded in table I. Fig. 1 indicates the amount of starch 
contained in the green pod. 

The immature seeds, with their high water content, were very 
large. The contrast of these seeds with the mature ones of low water 
content can be seen in fig. 1, which shows the immature seed at its 
largest. With the loss of water from the pod and inclosed seeds, the 
seeds gradually shrank to the size represented by the mature seeds 
used in this comparison. With this marked shrinking, the formerly 
pervious seeds became impervious to water, provided the water loss 
took place gradually and the shrinking was consequently normal 
and uniform. Removal of the immature seeds from the green pod 
to a dry atmosphere invariably resulted in quick drying of the 
Malpighian layer, with consequent cracking. 

The degree of maturity of the various pods on the same tree varied 
if considered at any one period of sampling. There were also varia- 
tions in the seeds within the same pod. 

In any lot of seeds harvested in September, the majority of the 
seed coats were still soft and pervious to water, although a consider- 
able part of the shrinking had already taken place. These seeds, 
when placed under favorable conditions, gave practically 100 percent 
germination. On the other hand, when these seeds, which contained 
on the average 15 per cent moisture, were placed under ordinary 
room conditions they soon reached a water content of 5-8 per cent, 
and coincidentally gradually became hardened until approximately 
95 per cent of them did not imbibe water if placed under conditions 
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favorable to germination. Tests indicated that the region of the 
hilum was the last portion to become impervious, and suggested 
that the shrinking accompanying water loss finally closed the last 
openings in the region of the old vascular tissue which fed the seed. 

Samples of the seed coat were taken in the later stages of maturity 
and compared with those taken from mature water-impervious 
seeds. Practically no differences were detected. These results are 
discussed under the heading of mature seeds. 

Marked changes in the oil, soluble carbohydrate, and insoluble 
carbohydrate content took place in the cotyledons and embryo dur- 


TABLE II 


ANALYSIS OF COTYLEDONS (WITH EMBRYO) DURING LATER 
STAGES OF MATURITY 








PERCENTAGE DRY WEIGHT 





DATE (1927) MoIsTuRE Non- Acid- 

Ether-soluble} Reducing reducing | hydrolyzable 
fraction sugars sugars (calculated as 

(sucrose) glucose) 





86 .93 6.43 1.17 27.31 9.54 
74.66 7.10 0.00 24.57 21.80 
71.46 16 .89 ©.00 25.82 15.82 




















ing the later periods of maturity. As shown by table II, the starch 
content of the cotyledons, based on total dry weight, rose to a 
maximum (in August) and then decreased markedly as the oil con- 
tent increased. Maximum oil content was not reached until the seeds 
were mature and had dried to a low water content. 

The reducing sugar content of the cotyledons was not high at any 
period in the development of the seed. During the late stages of 
maturity no reducing sugars were found. The non-reducing sugar 
content was high throughout the later stages of development. In 
general, these results are in accord with the work of IvANow (8) on 
Linum and Brassica. 

Microchemical tests were run on the seeds during development, 
and were valuable in providing a check on the macrochemical meth- 
ods. Since the microchemical tests cannot be considered as quantita- 
tive, only one table of results of such tests is given (table III). 
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MATURE SEEDS 

Preliminary tests on the seeds showed that it was necessary to cut 
through the Malpighian layer in order to insure a quick intake of 
water. Seeds uncut, or but superficially cut, remained unchanged in 
pure water, neither gaining nor losing in weight. One lot of uncut 
seeds was kept in distilled water for six weeks without changes in 
weight. During this experiment, in order to prevent errors that 
might be caused by pollution, the water was changed weekly. 

As has been found in many investigations on other impervious 
seeds, strong acids soon disintegrate the Malpighian layer and offer 


TABLE III 


MICROCHEMICAL TESTS OF MATURE SEED 
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an excellent method of preparing the seeds for planting on a large 
scale. The method consists in placing the seeds in the acid a few 
minutes (until the outer layer is destroyed) and then washing well in 
water. This method is used by some Indiana farmers when planting 
on a large scale. 

Using a very hot flame, it was possible to burn the Malpighian 
layer sufficiently to destroy its water-excluding power without de- 
stroying the viability of the seed. It is doubtful whether this method 
has ever been of the importance that has been attributed to it in the 
case of the germination of acacia seeds in the vicinity of old camp- 
fires. The alkalinity of the ash of such fires would need to be marked 
in order to exert influence in softening the seed coat. Rapid and 
violent changes in temperature exerted but slight effect on the water- 
excluding layer in dry mature seeds. Lots of seeds kept in liquid air 
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for fifteen minutes and then plunged into warm water remained im- 
pervious to water, although the cotyledons were broken into pieces 
by the treatment. Nevertheless these seeds showed signs of germi- 
nating when filed and placed in favorable conditions. 

Lots of water-impervious seeds were placed on a medium on which 
mixed cultures of fungi (including species of Rhizopus) were grow- 


Fic. 2.—Left: seeds sowing cracking of Malpighian layer (seeds removed from 
green, nearly mature pod of high moisture content and dried in atmosphere of low 
humidity); seed in center is naturally matured, impervious seed; seeds on right are 
naturally matured, impervious seeds subjected to action of fungous growth; note slight 
corrosion. 


ing, and it was noted that after two weeks some corrosion of the 
outer coats had occurred (fig. 2). Davison and WILLAMAN (5) found 
that Rhizopus tritici produced much protopectinase. To attempt to 
experiment with enzymes and their action on the seed coat would 
constitute a special problem in itself, since it would entail the ob- 
taining of rather uncommon enzymes in a somewhat pure form. As 
stated previously, samples of the Malpighian layer cut from green 
pervious seeds gave, on analysis, results similar to those obtained 
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from materials secured from mature seeds filed and soaked in water 
as hitherto explained. These analyses showed this layer to contain: 


Ether-soluble material ©.53 per cent 
Reducing and non-reducing sugars Practically none 
Insoluble fraction 96.75 per cent 


This insoluble fraction, on acid hydrolysis, yielded 20.3 per cent 
glucose. When samples of the Malpighian layer were analyzed for 
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Fic. 3.—Photomicrograph of cross-section through seed coat, showing Malpighian 
layer (m), with light line (J), osteosclerid cells (0), and portion of nutrient layer (n) 
(section treated with Ruthenium red). Unstained portion of Malpighian layer prob- 


ably largely cellulose (see fig. 5); portion of coat below Malpighian layer not impervious 
to water. 


pectic materials, as previously explained, the yield calculated as cal- 
cium pectate amounted to 22 per cent of the dry weight of the sample. 

As shown by table III, microchemical tests substantiated the ana- 
lytical data. With Sudan III only the outermost portion of the Mal- 
pighian layer gave a test. In some seeds a negative test was record- 
ed. The Malpighian layer gave a positive test for hemicellulose, 
using phloroglucin-HCl, and for cellulose using strong H,SO, and I, 
in KI. It gave a marked test for pectic materials, as indicated by the 
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Ruthenium red test (figs. 3, 4). The latter figure shows the amount 
of pectic material found about each cell of the Malpighian layer. 
Fig. 5 shows the action of strong sulphuric acid and I, in KI on a 
similar section. Note that the area stained by Ruthenium red re- 
mains colorless in this case. Impervious seeds boiled in N/30 HCl 
gave quantities of jelly-like substance. Check lots boiled in distilled 


Fic. 4.—Photomicrograph of section through Malpighian layer at right angles to 
longest diameter of cells (tangential to seed coat surface); section treated with Rutheni- 
um red; darker portion is pectic material, portion not stained is cellulose. 


water for a similar period yielded but a small amount. Impervious 
seeds were kept in fresh copper-oxide ammonia for several days with- 
out any noticeable effect on the permeability of the Malpighian 
layer. 

The dry residue of this layer, from which the materials soluble in 
the HCl and ammonium citrate had been extracted in the quantita- 
tive tests for pectic materials, still showed clearly the light line in 
those particles where a number of cells remained closely packed to- 
gether, as in the normal untreated tissue (fig. 6). The outer portion 





286 BOTANICAL GAZETTE [MAY 


of the Malpighian layer had been dissolved away. Those cells which 
still clung together could easily be separated by applying slight pres- 
sure on the cover glass when examining particles with the micro- 
scope. Treatment of this material with any of the cellulose reagents 
gave a positive test. Fig. 6 shows the response of these cells to strong 
sulphuric acid and I, in KI solution. The slide from which this 


Fic. 5.—Photomicrograph of section similar to one shown in fig. 4, but treated with 
strong sulphuric acid and I; in KI solution, instead of Ruthenium red (note that area 
colored by Ruthenium red in other section is not colored here); color with sulphuric 
acid and I; in KI solution indicates cellulose. Quick destruction of tissue made good 
reproduction of this test difficult. 


photomicrograph was taken was treated with the acid solution and 
the action halted at this stage by the application of water. The 
swelling of the cells below the light line, as contrasted with the slight 
action in its region, can easily be noticed. This material quickly 
dissolved in copper-oxide ammonia, using the same strength of re- 
agent which had no effect on the untreated impervious seeds. 
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An analysis was made on the nutrient layer of the seed coats with 
the following results: 


Ether-soluble fraction ©.49 per cent 


Sugars, reducing and non-reducing Traces 


Insoluble material 96.88 per cent 


Fic. 6.—Photomicrograph of residue after extracting pectic material from finely 
ground Malpighian layer (note light line in particle in which several cells still cling 
together, and, by comparing with fig. 3, that outer portion has been dissolved by 
pectic solvents). Bottle-shaped objects are individual cells placed on slide after being 
acted upon for 2 minutes by strong sulphuric acid (with I, in KI solution). Note that 
portion of cell in region of light line and slightly above is more resistant to action of 
sulphuric acid than remainder of cell. 


This insoluble material yielded on acid hydrolysis 13.81 per cent 
glucose. The nutrient layer played no part in water exclusion, and 
the analysis indicated that it was not of great importance as a stor- 
age place for food material, although it did undoubtedly play a big 
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part in the maturing seed and the formation of a perfect Mal- 
pighian layer. 

The endosperm was shown by the analysis to be largely hemicel- 
lulose, which yielded on hydrolysis as high as 75 per cent of its dry 
weight as glucose. The ether-soluble fraction amounted to 0.49 per 
cent. Sugars were present in traces. 

The cotyledons (and embryo) of the mature seed gave the follow- 
ing analysis (percentages based on dry weight): 

PER CENT 
Moisture 
Glucose 
Ether-soluble fraction 
Sucrose 
Acid-hydrolyzable fraction (as glucose) 


These figures agree in most respects with those of BARKENBUS and 
ZIMMERMAN (1). The oil extracted had a specific gravity of 0.921, 
an iodine number of 137.1, and a saponification number of 201.1. 


TABLE IV 


ANALYSIS OF COTYLEDONS (WITH EMBRYO) FROM GERMINATING SEEDS 








PERCENTAGE DRY WEIGHT 





DAYS UNDER 
CONDITIONS GRowrTH IN , 
FAVORABLE FOR | LENGTH MoIsTURE Ether- 
GERMINATION soluble 
fraction 


Non- 
Reducing reducing 
sugars sugars 
(sucrose) 


Acid-hydro- 
lyzable 
(as glucose) 





Hypocotyl 70.81 II .23 : 5:37 19.6 
25cm. 
Plumule 67.09 10.73 6.57 34.3 
4.5 cm. 
Plumule 66 .96 7.22 8.64 30.2 
7.5 cm. 























Table IV indicates that the results of analyses of the cotyledons 
(embryo) of the germinating seed were the reverse of those in the 
maturing cotyledons. With germination, the oil content of the coty- 
ledons dropped rapidly and starch increased proportionately. Re- 
ducing sugars increased but remained low. Non-reducing sugars con- 
tinued to constitute a considerable part of the food reserve. The 
seed contained a high sucrose content throughout the later period of 
maturity and through the stages of germination. 
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With germination, the iodine number of the oil dropped to 93.94 
after six days of growth. The oil content of the cotyledons decreased 
so rapidly with germination that it was difficult to obtain samples 
for determination of the iodine number after germination had pro- 
gressed for some time. These results’ with the germinating seed are 
in accord with the findings of LECLERC Du SABLON (10) on oil- 
containing seeds. 

That the endosperm played a considerable part in providing food 
for the growing embryo was evident from the fact that it had practi- 
cally disappeared in the seedling which had been growing ten days. 
At that time the remains of the seed coat still clung around the coty- 
ledons beneath the soil. At that stage the cotyledons were well 
filled with starch (table IV). Fig. 7 represents graphically the data 
recorded in tables II and IV, showing the changes which take place 
in the cotyledons during the later stages of maturity and during 
germination. 

Discussion 

Since the inner pod material of Gymnocladus dioica is seldom in 
contact with the entire surface of any seed within the pod, it is 
scarcely possible that it contributes any water-excluding substance 
to the seed coat. Sections made through the seed coat at different 
periods of the seed’s development showed the same general cellular 
structure. These lines of evidence indicate that the idea suggested 
by NELSON (14) for some of the other legumes does not hold for 
G. dioica. 

The results obtained in removing the inner carpellary material 
suggest that this material plays a part in insuring water-impervious 
seeds by preventing quick drying out of the pod and seed, when the 
water supply from the tree ceases. It is evident that the gumlike 
material is well suited to slow uniform water loss. Quick drying of 
green seeds can lead to but one result, namely, a badly cracked Mal- 
pighian coating that cannot be impervious to water. 

It is difficult to ascribe the change in the maturing seed, from a 
condition where water is not excluded to a condition of complete 
exclusion, to any one particular phenomenon. The fact that no dif- 
ference could be noted in the analysis of the Malpighian material cut 
from the green seed as compared with the analysis of material from 
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the mature impervious seed indicates that the chemical response to 
the drying of the seed may be minor, and that the physical feature 
of uniform shrinking may be more important. It is entirely possible, 
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however, that chemical changes might take place which could have 
considerable influence on water exclusion, yet have no effect on the 
materials extractable by the alcohol-ether-water method. Similarly, 
it is possible that there might be considerable change in the pectic 
materials with desiccation, yet in both cases they would be easily 
extracted by the method used. It is not unlikely, judging from pres- 
ent knowledge of many plant materials, that desiccation would tend 
to force the acids contained in the pectic material toward the anhy- 
dride form. Such forms tend to be less pervious to water. That such 
a change might take place here is difficult to prove. 

The large quantitative yield of calcium pectate when the Mal- 
pighian layer was analyzed for pectic material, the very pronounced 
test with Ruthenium red, the solubility test with copper-oxide am- 
monia, and the ease with which jelly-like material could be split off 
from impervious seeds in boiling dilute HCl, all suggest that pectic 
materials are responsible for water exclusion. That these materials 
must be water-insoluble, at least in the outer portions of the coat, is 
assumed since if they were soluble some loss would have been noted 
in the lots of seeds kept for long periods in distilled water. 

In the present uncertain state of our knowledge concerning pectic 
materials, it is best not to draw sweeping conclusions concerning the 
exact nature of the chemical compounds which make possible water 
exclusion. 

Two lines of evidence indicate that in Gymnocladus dioica the 
light line is not alone responsible for water exclusion. In the first 
place, filing through the light line does not secure the ready absorp- 
tion of water by the seed. Also, in remains of the Malpighian ma- 
terial (from which ail substances soluble in the solvent used in the 
analysis for pectic materials had been removed) the light line is 
plainly visible. All of this material disintegrated after a few minutes 
in copper-oxide ammonia. If the chemical and physical conditions 
which produce the light line were alone responsible for water exclu- 
sion, it would seem logical to expect that copper-oxide ammonia 
would soon disintegrate the hard seed coat. The fact that this re- 
agent had no effect on impervious seeds indicates that neither cellu- 
lose nor hemicellulose is directly responsible for water exclusion. 
These statements do not preclude the probability that in many of 





292 BOTANICAL GAZETTE [May 


the smaller leguminous seeds the materials which are responsible for 
water exclusion are located in the light line. No work was done on 
seeds other than Gymnocladus dioica. 

In this work the term light line is reserved for the lower, narrow, 
well defined line to be seen in fig. 3, and is used in no case to refer to 
the upper, broad, less well defined line mentioned as a second light 
line by PAMMEL in his earlier work (16). 

Since in any lot of seeds which have apparently developed nor- 
mally there will be found a small percentage pervious to water, it is 
logical to assume that there are varying degrees of perfection in the 
water-excluding layers. Some will become pervious with but slight 
alterations in the coat; others may continue to exclude water even 
after much of the coat has been lost by abrasion or digestion through 
fungus action. 

The changes in the reserve food materials in the seed of Gymno- 
cladus dioica are not unlike those which have been found to occur in 
many oil-containing seeds. It has long been recognized that there is 
a definite cycle in the building up and later in the utilization of oils 
as food material in the plant. The data gathered on G. dioica sub- 
stantiate the results of others, in that the steps in utilization of oils 
during germination consist in a series of changes similar to those 
occurring in the synthesis of the oils, except that they are in the re- 
verse order. It is interesting to note that the actual synthesis of oils 
takes place in the later stages of maturity, and primarily at the ex- 
pense of the starch reserve in the seed. Inversely with germination, 
the starch content increases rapidly and markedly at the expense of 
the stored oil. The decrease in “he iodine number of the oil with ger- 
mination indicates that the fats of the unsaturated series are more 
readily utilized. 

The non-reducing sugar content of this seed and of the inner pod 
material is high. The fact that the invertase method was used in the 
determination of the non-reducing sugars should preclude the pos- 
sibility of other substances, such as glucosides, interfering in the 
final result. 

The reducing sugar content of the mature cotyledons is practically 
zero; the total quantity of such sugars, in both the maturing and the 
germinating stages, is very low, a fact that indicates that these ma- 
terials are constantly being utilized. 
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Summary 


1. In Gymnocladus dioica the impervious seed coat is closely as- 
sociated with the physical phenomenon of uniform shrinking. 

2. The inner pod material, which in the nearly mature pod forms a 
gumlike mass, plays a part in insuring a slow uniform drying of the 
seed. 

3. Tests indicate that from a chemical standpoint insoluble pectic 
materials may play a big part in water exclusion by the Malpighian 
layer. 

4. In the present uncertain state of knowledge concerning the 
composition of the pectic materials, it is not possible to tell whether 
chemical changes in the Malpighian layer accompany shrinking in 
the final stages of rapid water loss when the seed becomes imper- 
vious. 

5. Starch is abundant in the cotyledons in the immature stages 
and during germination. 

6. In the cotyledons the maximum oil content is reached at ma- 
turity; at that time the starch content reaches a minimum. 


7. Non-reducing sugar is an important storage form in the seed. 
8. Reducing sugars are absent in the mature seed, but are found 
in small quantities in the immature and the germinating stages. 


The writer wishes to express his appreciation of the advice and 
valuable suggestions of Professor C. A. SHuLL and Dr. S. V. Eaton, 
and for the encouragement and inspiration gained from contacts 
with members of the Botany Department of the University of 
Chicago. 
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CYTOLOGICAL STUDY OF THE ZOOSPORES 
OF BLASTOCLADIA' 


F. B. COTNER 
(WITH TEN FIGURES) 


Introduction 


Very little work has been reported concerning the details of struc- 
ture of the zoospores of the fungi. The morphology and cytology 
of the zoospores occurring in a number of genera of algae have at- 
tracted much more interest, and have been reported in the literature 
in some detail. DEBARy (3) ‘described the cilia as springing from 
a definite spot in the surface of the zoospore as processes of the 
peripheral layer of protoplasm. ROTHERT (22) showed that the 
cilia in Saprolegnia appear at first as slow outgrowths like little 
short, straight bristles which show faint oscillations. STRASBURGER 
(23, 24) described the structure of the zoospores of Oedogonium, 
and showed a small refractive granule at the base of each cilium. 
He also discussed the cilia-bearing organs of several other genera, 
including Cladophera and Vaucheria, in which connection he brought 
out the idea of a swelling of the plasma membrane at the point of 
insertion of the cilia. TmmBERLAKE (26), working with Hydrodic- 
tyon, reported that the cilia grow out from a small body lying 
near the plasma membrane, and that this body is connected 
with the nucleus by a delicate protoplasmic strand. DANGEARD 
(8) studied the zoospores of Polytoma and showed the cilia to be in- 
serted in a nodule which is in contact with the surface of the 
spore, and that a chromatic thread connects this nodule with the 
nucleus. Davis (10) showed that in the zoospores of Derbesia the 
nucleus migrates toward the plasma membrane, and granules are 
found in radiating cytoplasmic strands apparently moving outward 
toward the plasma membrane, where by fusion of the numerous 
granules they form a ringlike structure from which the cilia grow. 
Griccs (13) studied the zoospores of Rhodochytrum and found a 


‘Paper no. 311, from the Department of Botany of the University of Michigan. 
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deeply stained body at the base of the cilia which is connected with 
the nucleus. BARRETT (2), working with the plant now recognized 
as Allomyces arbuscula, showed the cilia attached to the nucleus 
but did not show a refractive granule at the insertion of the cilia. 
He showed that the spores may at times be binucleate but did not 
show the cilia in these binucleate spores. Entz (11) investigated 
the same species of Polytoma studied by DANGEARD, and reported 
that the two flagella are inserted in two separate blepharoplasts, 
which are connected with each other by a strand (the lateronema), 
and with the nucleus by another strand (the rhizonema). HARTMAN 
(14) reported that previous to the formation of cilia in Eudorina, 
the pointed end of the nucleus (centriole) lies close to the anterior 
pole of the cell, and then draws back to the interior of the cell, leav- 
ing behind a double basal body from which the cilia grow. Coucu 
(7) states: 


the cilia in Leptolegnia are formed by the thinning down of the parietal mem- 
brane between the spore origins into one or two strands which connect the 
spores, as a rule, until after discharge. Upon discharge these threads are broken 


and as the spore reshapes itself they move around to occupy the normal position 
of cilia. 


NISHIMURA (19) observed that in the zoospores of Plasmopara 
halstedii the cilia sprout from the beaklike apex of the nucleus at 
the spot where a well stained granule can be distinguished. This 
granule is believed to be the blepharoplast. 

The zoospores of Blastocladia have been described at various times 
as having cilia varying from one to three in number. THAXTER (25) 
gave a rather detailed description of B. pringsheimii, which had 
been partially described by Rertnscu (21) in 1876. THAXTER de- 
scribed the zoospores as being typically biciliate, stating, however, 
that “in some instances it has been found impossible to make out 
more than a single cilium even after the zoospore was stained.” 
PETERSEN (20) described the zoospores of this plant as being uni- 
ciliate. MINDEN (18) considers the uniciliate spores to be the typi- 
cal ones, but states that he has observed spores with two and rarely 
with three cilia. KANOUSE (16) described the zoospores of B. globosa 
Kanouse as being biciliate. 


In view of these discrepancies in the description of the zoospores 
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of the same genus, and even of the same species by different investi- 
gators, it is evident that further study of the details of the structure 
of these spores is necessary. The present paper gives a physiological 
explanation of this variation in the morphology of the zoospores of 
B. pringsheimii and B. globosa. The cytology of these uniciliate, 
biciliate, and triciliate spores will be discussed with reference to 
their structure and the relation of the nuclei to cilia formation. 

The plants used in this study were provided and identified by 
Dr. Besste B. KANousE. The work, excepting the perfection of the 
staining technique, was carried on in the cryptogamic laboratories 
of the University of Michigan under the direction of Dr. C. H. 
KAUFFMAN, to whom the writer wishes to express his sincere appre- 
ciation for many helpful suggestions and for the use of the facilities 
of the laboratory. 

Material and method 


Collections of the plants were made from a pool in a greenhouse 
of the botanical gardens of the University of Michigan. This pool 
was of course accessible during all seasons. Collections were made 
by exposing fruit bait (apples), using the method described by 
KANOUSE (15). The bait was exposed from 14 to 21 days, depending 
on whether young or older material was desired. The shorter ex- 
posures were found to be more satisfactory on account of the in- 
creased accumulation of other organisms around the tufts of Blasto- 
cladia with increased exposure. The temperature of the pool varied 
from 12° to 14° C. The material was brought to the laboratory and 
kept at 10°-12° C. until used, which in all cases was within a few 
hours after collection. In preparation for obtaining zoospores, the 
plants were thoroughly washed for 1 hour through four changes of 
sterile, well aerated conductivity water. The material was then 
placed in hanging drop mounts and watched under the microscope 
until numerous zoospores were liberated. 


KILLING 
The zoospores were killed during the height of their activity in 
hanging drops on no. 1 cover glasses, by exposing the hanging drop 
containing the zoospores to the fumes of 1 per cent osmic acid. The 
time of exposure varied from 15 seconds to 2 minutes. The longer 
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exposure to the osmic acid fumes darkens the material which for 
some parts of the study is desirable. The shorter exposures, 15 
seconds to 1 minute, produce the most satisfactory results for most 
of the detailed studies. 

STAINING 

The staining technique used in this study was perfected by the 
writer in connection with some unpublished work carried on at 
Montana State College. 

A number of stains were used, including orange G, safranin, 
gentian violet, and crystal violet. The most satisfactory and uni- 
form staining was accomplished by the use of the National Aniline 
Chemical Company Standardized, crystal violet in 0.005 per cent 
aqueous solution. The solution was prepared for use by adding 
0.1 cc. of a 1 per cent stock aqueous solution of crystal violet to 
20 cc. of distilled water. After the hanging drop containing the 
highly active zoospores was exposed to the fumes of osmic acid, an 
equal volume of dilute staining solution was added to the zoospore 
suspension. The preparation was allowed to evaporate to dryness 
at 22°-24° C. This was accomplished satisfactorily on the labora- 
tory table in 18-24 hours when the relative humidity was somewhat 
low, such as was found to be the case at Bozeman, Montana. In 
more humid climates, however, as was the case at Ann Arbor, in 
order to obtain satisfactory results it was necessary to accomplish 
at least the last part of the evaporation in a desiccator. It was found 
that satisfactory results were obtained after the preparation had 
remained in a desiccator over sulphuric acid for 24-36 hours. After 
its removal the stained area was extracted and cleared in clove oil. 
When the desiccator was opened, all preparations to be mounted for 
study at this time were removed and clove oil dropped on the stained 
area with the least possible delay, to prevent reabsorption of mois- 
ture from the air. The extraction in clove oil may be most satis- 
factorily controlled under the microscope. After a few preparations 
with a new stain have been cleared and mounted, a satisfactory time 
control can be worked out. In general, extraction in several changes 
of clove oil for a few minutes beyond the time when stain extraction 
is no longer apparent to the naked eye will produce satisfactory 
results. Changes of clove oil were made by draining off the oil on 
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the cover glass and gently flooding with more oil. After extraction 
and clearing, the oil was removed with xylol from the preparation 
which was mounted in balsam in the usual manner. All detailed 
studies and drawings were made with the aid of a 2 mm. apochro- 
matic oil immersion objective, a 12x compensating ocular, and a 
camera lucida. 


Temperature in relation to zoospore formation 


To obtain normai and perfect development of an organism or 
some phase of its life history, it is important and often necessary 
to provide certain definite favorable environmental conditions. 
This is true in the study of the normal development and typical 
structure of the zoospores of the Oomycetes, and especially true 
among the more highly sensitive genera and species of the group. 

The question naturally arises as to what may be interpreted as 
the normal development and typical structure in a plant when 
many of the details of its life history are as yet unknown. Normal 
development may be defined as the development which takes place 
under optimum conditions. Optimum conditions for spore produc- 
tion are those which enable the greatest possible number of active 
spores to be formed and liberated in the briefest given time. The 
spores which develop under optimum conditions are interpreted as 
exhibiting the morphology and behavior typical for the species. 

The plants B. pringsheimii and B. globosa are strikingly sim- 
ilar in the relation of temperature to the formation of zoospores. 
In B. globosa the minimum temperature is found to be between 
5 and 7° C., the optimum between 11° and 13° C., with rapid de- 
crease in the rate of development at 16° C., and slower decrease 
until the maximum temperature is reached at 21°-23°C. In the 
plants of B. pringsheimii studied, the minimum temperature seems 
to be the same as for B. globosa, with a slightly higher optimum of 
12°-14° C., and a maximum temperature which lies between 22° and 
24°C. At the optimum temperature large numbers of spores are 
liberated between 1 and 2 hours after washing is completed, while 
at temperatures other than the optimum, the time elapsing between 
completion of the washing process and appearance of the first spores 
is increased and the continued rate of liberation is diminished. 
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These variations in temperature relations between the two species 
are no more than one would expect to find between varieties of the 
same species, so that for all practical purposes they may be regarded 
as physiologically similar. In studying the zoospore formation in 
these plants at various temperatures the most remarkable differences 
are noted. More than double the number of spores are formed in a 
given time at the optimum temperature than at a temperature but 
two degrees removed. There is also a distinct difference in the ac- 
tivity of the spores at the different temperatures. In the lower 
ranges the movement becomes very sluggish, while as the tempera- 
ture is increased above the optimum an increased excitement and a 
less regular movement are noted. The motion becomes more jerky 
and excited and soon ceases. At the optimum temperature the 
motion is quite even and uniform, and the length of motility at this 
temperature seems to be almost unlimited. With sudden variation 
of the temperature from the optimum, many of the spores may 
settle and come to rest. If the temperature is again brought to the 
optimum, many of the spores which have come to rest are seen to 
become active again and to begin swimming. 


Morphology and cytology 

For this, the main part of the study, motile spores were killed 
and stained by the method described. Material was killed, mounted, 
and studied from each of the temperature relations already dis- 
cussed. The following discussion is based on spores formed and 
liberated at optimum temperatures and at temperatures above the 
optimum. There appears to be little if any variation from the nor- 
mal in spores formed below the optimum, except in activity; there- 
fore no special reference will be made to these low temperature 
spores. 

The spores of the collections of B. pringsheimii made at Ann 
Arbor exhibit in general the characteristic shape and size de- 
scribed by THAXTER (25). They are, however, typically uniciliate 
when allowed to develop normally under optimum conditions. 
THAXTER has described the zoospores of this plant as follows: “In 
general form they are oval or elliptical and are, at least in many 
cases, biciliate: the two cilia arising side by side from the smaller 
end of the spore.” He further states that “‘in some instances it has 
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been found impossible to make out more than a single cilium even 
after the zoospore was stained”; but says “the presence of two has 
been determined definitely in so many cases that this number may 
be considered as typical.’’ The nucleus is described by THAXTER as 
“very large and subtriangular in outline, its base connected with 
that of the cilia by a fine strand of granular protoplasm 

front of the nucleus lies a broad and distinct mass of granular proto- 
plasm while small groups of granules occur here and there around 
in the otherwise nearly clear cytoplasm.” The size of the spores from 
the plants collected in 1896 is given as about 7X5 wu. The measure- 
ments of spores from the Ann Arbor collections are 6-8 X 5.5—6.5 u. 

The large subtriangular nucleus in the more deeply stained spores 
shows a dark, denser portion near the broader or distal end opposite 
the insertion of the cilium, which is separated from the denser chro- 
matic body at the tip by a nearly clear zone (fig. 1). This distal 
denser portion of the nucleus in less deeply stained material resolves 
itself into irregular masses of chromatin variously distributed in 
the peripheral part of the nucleus just inside the nuclear membrane 
(figs. 3, 4). The forces achieving this wide dispersal of the periph- 
eral chromatin cause the enlargement of the nucleus and hold tense 
this part of the nuclear membrane. The denser chromatic body has 
evidently migrated toward the periphery of the spore where the 
cilium is inserted on the plasma membrane. This movement of the 
denser chromatic body away from the peripheral chromatin of the 
nucleus toward the position of the blepharoplast probably results 
in a stretching of the nuclear membrane in that direction, bringing 
about the subtriangular shape of this organ. 

The cilium is inserted on the plasma membrane in a highly re- 
fractive body, the blepharoplast, which is definitely connected to 
the tip of the nucleus by a single threadlike connection (fig. 2). 
Occasional spores show two separate threadlike connections between 
the blepharoplast and the nucleus (fig. 6). The cilium of the spores 
of this and other species studied is unusually long, being usually 
from three to four times the length of the long axis of the spore, 
measuring more than 30 y in length. 

Between the broad end of the nucleus and the surface of the spore 
a rather well defined, dense, very finely granular mass of cytoplasm 
may be distinguished. This dense mass of cytoplasm in some of the 





302 BOTANICAL GAZETTE [MAY 


more deeply stained material is so clearly differentiated that it 
appears almost like a cap covering the end of the spore opposite the 
insertion of the cilium. At times it is drawn out into a rather acute 
tip. Fig. 6 shows a zoospore of B. globosa with such a caplike cy- 
toplasmic differentiation. This is evidently the structure referred 
to by THAXTER as the broad and distinct mass of granular proto- 
plasm lying in front of the nucleus. 

The cytoplasm which is found at the end of the spore surrounding 
the point of insertion of the cilium and the tip of the nucleus is much 
less dense than that at the opposite end, and is filled with many 
small vacuoles. An occasional deeply stained granule is found in 
this loose network of cytoplasm. 

There is a broad equatorial band of dense cytoplasm separating 
the very dense distal portion from the highly vacuolated cytoplasm 
surrounding the beaked end of the nucleus and the insertion of the 
cilium. This equatorial band surrounds the nucleus but is separated 
from it by a zone of more highly vacuolated cytoplasm. The dense 
part of this band, in favorable material, is often completely filled 
with deeply stained, rather large, nearly spherical granules (fig. 4). 
In some spores these granules apparently are not distributed uni- 
formly throughout this equatorial band but tend to be grouped 
in two or three parietal platelike groups (fig. 2). These granules 
were mentioned by THAXTER in his description of B. pringsheimii, 
and probably correspond to the cell inclusions described by Dan- 
GEARD and TSANG (g) for the zoospores of several genera of the 
Peronosporales. 

The zoospores of B. globosa are quite similar in size and structure 
to those of B. pringsheimii, except that they are slightly larger in 
the long dimension (7-9 X 5-6 yu), and their cilia tend to be slightly 
more delicate than those of the spores of B. pringsheimii (fig. 5). 

When sporangia of either B. pringsheimii or B. globosa were al- 
lowed to develop at temperatures above the optimum but within 
their range of possible spore formation, it was found that an increas- 
ing number of giant spores? were formed. The range of temperature 

2In a paper which came to hand after the present paper was in press, HANS KNIEP 
(Bot. Ges. 47: 199-212. 1929) has shown in his study of Allomyces javanicus n.sp. that 


similar giant spores occur in his species of Allomyces as are here reported for B. globosa 
and B. pringsheimii. 








Fics. 1-10.*—Figs. 1-4, B. pringsheimii: figs. 1-3, zoospores with varying density 
of stain, showing different degrees of detail of nuclear structure; density of cytoplasm 
of distal ends and highly vacuolated netlike structure of ciliated ends of well differ- 
cntiated spores; fig. 4, zoospore with peripheral part of equatorial region of cytoplasm 
with highly stained granules; nucleus nearly clear, showing chromatin around periphery 
and denser chromatic body in tip, connected by strand to blepharoplast at insertion of 
cilium. Figs. 5-10, B. globosa: fig. 5, zoospore showing similar details to B. pringsheimii 
(fig. 2); fig. 6, zoospore showing caplike structure of dense cytoplasm of distal end of 
spore and two strands connecting tip of nucleus and blepharoplast; fig. 7, portion of 
sporangium just before liberation of zoospores; a, b, c, binucleated giant zoospores; 
fig. 8, binucleated giant zoospore with nuclei pointing almost oppositely; figs. 9, 10, 
trinucleate, triciliate giant zoospores somewhat over-stained. 


* All figures were drawn with the aid of a Zeiss 2 mm. apochromatic objective, compensating oculars 
12and 15X, and an Abbe camera lucida. 
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at which these abnormal spores were formed varied from 16° to 22° 
C. When the sporangia were subjected to these less favorable tem- 
peratures complete cleavage of the protoplasm did not take place, 
resulting in numerous compound spores with two and three nuclei 
and with the accompanying biciliate and triciliate condition. Fig. 7 
shows a portion of a sporangium of B. globosa. The protoplasm of 
this sporangium has recently been divided into zoospores. The ma- 
turation of this sporangium took place at 17°-19° C. It will be 
noted that three giant spores are found in this portion of the sporan- 
gium (fig. 7a, b, c), the protoplasm having failed to be completely 
divided into its normal zoospore units at this temperature, which is 
4°-6° above the optimum temperature for normal zoospore forma- 
tion in this species. Figs. 8, 9, and 10 show giant zoospores of B. 
globosa which were formed in sporangia allowed to mature at slightly 
above 20°C. It will be noted that at this temperature the binu- 
cleated and trinucleated spores are formed, with the accompanying 
increased number of cilia. This temperature (20°-21°) probably 
approaches rather closely the temperature at which many of the 
previous investigators studied these species, hence the explanation 
of the descriptions in the literature of biciliate and triciliate spores 
occurring in these species. In more densely stained material which 
had not been thoroughly cleared, the additional nuclei would not 
be differentiated. Fig. 9 shows a trinucleated spore in which the 
nuclei were stained too deeply and hence were not well differentiated. 

The zoospores in the young developing sporangium of these plants 
evidently do not have any one definite orientation with relation to 
each other. It is evident that the nuclei of the spores of fig. 7a, ), 
and figs. 9g and 10 developed with nuclei oriented in the same 
manner, and if cleavage had been complete the adjacent spores 
formed from these giant ones would have pointed in a similar direc- 
tion to that of their neighbors. Figs. 7¢ and 8, however, show that 
the neighboring nuclei contained in these giant spores are pointed 
in almost opposite directions. 


Discussion 


The number and position of the cilia of the zoospores occurring 
in the lower groups of fungi have been of considerable theoretical 
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interest, in connection with some of the discussions of the relation- 
ships and phylogenetic connections of these fungi. BUTLER (4), 
discussing characters which are likely to be of phylogenetic signifi- 
cance, states that ‘‘another character of importance is the shape of 
the zoospore and the number and position of its cilia.” ATKINSON 
(1) held that since it is known that there is great variability in 
the number and position of cilia in the zoospores of the species 
of certain genera, the recognizing of phylogenetic series among the 
lower fungi based on the number of cilia possessed by the zoospores 
does not appear to be sound. MINDEN (17) makes use of the number 
and position of the cilia in his characterization of the families of 
the Saprolegniales. KANouSE (16), in characterizing the orders 
Blastocladiales and Leptomitales, says in her discussion of the for- 
former ‘‘zoospores usually uniciliate,”’ while in the latter she states 
that the zoospores are ‘“‘kidney shaped, mostly biciliate.’”” GAUMAN 
and DopGE (12), in discussing Blastocladiaceae, state that ‘this 
family is reminiscent of the Leptomitaceae from which it differs by 
its typical uniflagellate zoospores.” Cook (6), agreeing with Ar- 
KINSON, says ‘‘it seems reasonable therefore to maintain that flagel- 
lation is not a fundamental character of classification.” 

It seems evident, from the studies of the zoospores of the two 
species of Blastocladia reported in this paper, that the cilia are con- 
stant in number and position when allowed to develop normally 
under conditions most favorable for zoospore formation. This evi- 
dence very definitely supports BUTLER’s views as already quoted; 
and the usage of MINDEN, KANoUSE, and GAUMAN and DopbcE of 
zoospore characters, including number of cilia, in considering phylo- 
genetic relationships or differences of these lower fungi. 

The designation of the large subtriangular body in the zoospores 
of Blastocladia as a nucleus following THAXTER’s original descrip- 
tion will be noted, which in view of the evidence at hand the writer 
believes to be correct. BARRETT (2), in his description of the rather 
closely related plant now recognized as Allomyces arbuscula Butler, 
designates this nucleus as the central body, and as the reserve food 
body. It would appear that BaRRET?’s figs. 41 and 42, showing 
zoospores killed in iodine and Flemming’s solution respectively, show 
nuclei of different size, or probably a single and a binucleated spore, 
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rather than structures of different nature. His fig. 42, showing the 
larger nucleus, also exhibits two cilia, which would indicate the pres- 
ence of two nuclei which were not differentiated by the methods 
used in the preparation from which the figure was made. The large 
nucleus of the zoospores of these plants is very evidently inclosed 
by a membrane, or it would not be pulled out to a point by the 
seeming attempt of the nucleolus to move toward the plasma mem- 
brane at the insertion of the cilium. It is evident that the nuclei of 
the spores of these plants correspond very closely, except in size and 
number of cilia attached, to the beak-shaped nuclei of the young 
zoospores of Plasmopara halstedii (Farl.) Berl. & de Toni described 
by NisHIMuRA (19). The developing spores illustrated by BARRETT 
(2) exhibit nuclei in several cases suggesting the beaked nuclei of 
the spores of Plasmopara figured by NisHmmurA, which were nearing - 
the same stage of maturity. 

The important relation of the nuclei of these spores to cilia for- 
mation becomes more evident when it is realized that in the study 
of hundreds of uninucleate spores none were found bearing two 
cilia, and in all cases where spores were found to contain more than 


one nucleus the accompanying increased number of cilia was always 
found. The uniciliate spores are undoubtedly the typical ones for 
these species, since at temperatures most favorable to zoospore for- 
mation it was almost impossible to find any spores having more 
than one nucleus. 


TIMBERLAKE (26), in discussing the formation of giant spores 
in Hydrodictyon, states: “but in some cases the separation may take 
place before cleavage is complete with the result that large binu- 
cleate masses form spores directly.”” He further states that “‘in the 
giant swarm spores there is a complete locomotor apparatus con- 
sisting of cilia, basal body and connecting threads connected with 
the nucleus.’”’ TIMBERLAKE’s fig. 39 shows these giant spores. It 
would be interesting to know more about the temperature in rela- 
tion to the formation of normal and giant spores in this genus. It is 
entirely probable that a relation may exist similar to that reported 
in this paper for Blastocladia, since in this study of Hydrodictyon 
the plants were removed from their natural habitat to battery jars 
in the laboratory, which may have brought about a temperature 
in the cultures unfavorably high for normal zoospore formation. 
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The data given by the various investigators who have studied 
collections of B. globosa and B. pringsheimii make the fact evident 
that some of the studies and measurements of zoospores were based 
on normal, typical material, while other studies and measurements 
were evidently also based on observations of giant spores. This has 
led to misunderstandings and at times misinterpretation of life 
histories, and of the proper position of these fungi with reference 
to other related groups. The discrepancies pointed out in the first 
part of this paper are therefore the results of working with material 
kept under unfavorable conditions for the development of normal 
and perfect zoospores typical of the species. 

PETERSEN (20), in his discussion of B. pringsheimii, states that 
“according to the experiences of THAXTER and myself, it is evident 
that the zoospores but seldom escape from the sporangia. THAXTER 
ascribes this circumstance to the numerous bacteria which rapidly 
settle around the individuals of this species.” 

Since there is no mention by either THAXTER or PETERSEN of the 
temperatures under which these observations were made, we may 
be safe in assuming that their studies were conducted at ordinary 
room temperatures, probably varying around 21° C. or even higher, 
which is well toward the upper limit for zoospore formation in this 
plant. The inability of the zoospores to escape from the sporangia 
of the plants studied by THAXTER and by PETERSEN was evidently 
due to temperatures unfavorably high for zoospore formation, at 
which the plants under observation were kept, rather than to the 
presence of numerous bacteria. One might think upon superficial 
examination that possibly the reason for the low optimum tempera- 
tures for the formation of zoospores in: these plants could be ex- 
plained by the fact that these temperatures inhibit the rapid de- 
velopment of the bacteria which collect around the plants of Blasto- 
cladia, thus giving the plants more freedom to develop normally. 
This cannot be true, since as we subject the plants and zoospores to 
temperatures but slightly lower than the optimum for zoospore 
formation and activity, the activity of the zoospores and the ability 
of the plants to form zoospores rapidly diminish, while there is of 
course less bacterial activity at these temperatures than at or above 
the optimum temperatures for the formation of zoospores. Further- 
more, BUTLER (5), in his studies of the rather closely related plant 
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Allomyces arbuscula, states that ‘it grows freely in such cultures 
and is not much hindered by the development of bacteria as in some 
of the allied forms.” 

The importance of complete control of environmental factors, 
when studying the delicate plants of these highly sensitive groups, 
becomes more evident as one understands more of their life history. 
Further studies of the details of the morphology and cytology of the 
zoospores of other genera of the lower fungi, allowed to develop 
under controlled physiological conditions and stained so as to dif- 
ferentiate their structures, should reveal many facts which have 
remained unexplained during the decades of study devoted to the 
fungi. 

Summary 


1. The uniciliate condition of the zoospores is typical for the spe- 
cies of Blastocladia studied. 

2. The cilium is attached to the tip of the nucleus, and there is 
also a definite blepharoplast at the insertion of the cilium on the 
plasma membrane. 

3. Biciliate and triciliate conditions of zoospores of these species 


are brought about by incomplete cleavage in the sporangium. 

4. Incomplete cleavage of protoplasm in the sporangium is due 
to environmental conditions, especially temperature, unfavorable to 
normal zoospore formation. 

5. The optimum temperature for zoospore formation in Blasto- 
cladia pringsheimii and B. globosa lies between 11° and 14° C. 

Montana STATE COLLEGE 
BozEMAN, Mont. 
[Accepted for publication April 10, 1929) 
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BRIEFER ARTICLES 


OCCURRENCE OF MULTIPLE-SEEDED 
XANTHIUM IN AUSTRALIA 


(WITH TWO FIGURES) 


In several previous papers attention has been called to the rare oc- 
currence, under natural conditions, of multiple-seeded or multiple-celled 
specimens of Xanthium. The four instances of the production of these 
anomalous burs so far reported from the United States have all been from 
the central valley and eastern great plains region. The first discovery of 
such burs was at Onaga, Kansas, in 1909; and the subsequent specimens 
were collected at Richland, Indiana, in 1922; Kansas City, Missouri (7oth 
and Indiana), in 1925; and near Allen, Nebraska, in 1927. 

Now, through the kindness of Dr. JEAN WuitE-Haney and Dr. B.T. 
Dickson, four specimens of burs of this same type have been received 
which were collected May, 1929, at the Wolfgang Station in the Clermont 
district of Central Queensland, Australia. It seems probable, therefore, 
that the sporadic occurrence of these unique plants may be expected in 
any part of the world where cockleburs are found, or at least in localities 
where two or more species occupy the same region. 

Fig. 1 shows the four burs from the multiple-seeded specimen, and also 
the normal burs of the com:non pest species of Xanthium which grows 
there. In his letter, Dr. Dickson refers to this common native species as 
““Xanthium chinense (pungens, etc.).”” Dr. WHITE-HANEY also seems to 
think that this particular species is the same as our American form. While 
she had not had opportunity to trace it systematically, she states that it 
looks like X. canadense, and this in the monograph of MILLspaucH and 
SHERFF is considered a synonym of X. chinense. It is believed that the 
American multiple-seeded forms have all been related genetically to X. 
chinense, which is called by WIDDER X. pungens. It is most likely, there- 
fore, that the Australian forms are identical with the American ones. The 
native bur is known in Australia as the Noogoora bur, two of these normal 
Noogoora burs being shown in fig. 1. A cross-section of the largest bur 
in fig. 1, and the seed removed from it are shown in fig. 2. 

The value of these multiple-seeded burs as a source of material for 
cytological and anatomical investigations, and for comparative studies of 
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normal and abnormal floral development is obvious. Evidences of hybrid- 
ization should be sought, and chromosome studies made to determine 
whether the peculiar fruiting behavior is definitely correlated with some 


eae i 


Fic. 1.—Burs of multiple-seeded Xanthium from Australia: specimens of Noogoora 
bur at right, from which multiple-seeded form probably arose. 


Fic. 2.—Cross-section of largest multiple-seeded bur of fig. 1, showing circle of 
ovarial cavities within walls of involucre; only one cavity, the largest, contained a seed, 
which is shown at right. 


specific change in the mechanism of inheritance. If these multiple-seeded 
forms represent F, crosses, as seems possible from the work of Miss 
SyMons, some reason should be found for the complete failure of segrega- 
tion of bur form, which has never certainly been observed to occur in the 
F, generations grown from such naturally occurring hybrids.—C. A. 
SHULL, The University of Chicago. 


[Accepted for publication November 25, 1920] 





CURRENT LITERATURE 


BOOK REVIEWS 


Permian floras of Asia 

Two pretentious volumes have recently been issued by the geological sur- 
veys of the Soviet Union,! and of China.? They form a valuable supplement to 
some previously published volumes dealing with the carboniferous flora of Asia. 
Here may be mentioned the coal flora of Tonkin by R. ZEILLER, Paris, 1903; 
the flora of the coal basin of Heraclea in Asia Minor, by the same author, Paris, 
1901; and the paleozoic flora of the Angara series by M. D. Zatessky, Petro- 
grad, 1918. 

The Permian flora of the Ouralian of the Angara continent is a continuation 
of ZALESSKY’s earlier book, and both volumes, which are only atlases without 
an accompanying text but with introductions and explanations, deal with the 
late paleozoic vegetation of this peculiar continent, which extended eastward 
from what is now the Ouralian Mountains but which was at that time an archi- 
pelago. It is the classical ground of Permian geology, the Permian formation 
receiving its name from the city of Perm which is located on the west side of 
the Oural Mountains. South of the Angara continent was at that time a 
continent called Gondwana by the geologists. The Gondwana flora was char- 
acterized by Glossopteris, and Gondwana was later connected with the Angara 
continent. For this reason we find the Gondwana flora in the deposits of the 
Oural Mountains, but it is absent in Europe and North America. 

ZALESSKY’S atlas contains eight plates of the Permian plants from the 
Petchora basin of the Gondwana continent. It also contains numerous micro- 
photographs of structural material obtained from the Permian of Siberia. The 
illustrations of plant habits show the similarity of numerous late paleozoic 
plants, especially pteridophytes in different parts of the world; but undoubtedly 
there was a well developed local flora on the Angara continent as far back as the 
mid-Carboniferous, and the theory of a completely uniform cosmopolitan flora 
all over the earth during the Upper Carboniferous will have to be partly revised. 

The illustrations are excellent, and are a credit to the typographic facilities 
of the Soviet Union. 

HALLe’s book on the paleozoic plants from central Shansi describes and 
illustrates numerous fossils extending from the Stephanian to the Lower 


t ZALESSKY, M. D., Permian flora of the Ural side of the Angara continent. Geol. 
Comm. U.S.S.R. Mem. New Series no. 176. Atlas Test in Russian and French. 4vo. 
pp. 52. pls. 46. Leningrad. 1927. 

2HaLe, T. G., Paleozoic plants from central Shansi. Geol. Survey of China. 
Paleontologia Sinica. Series A. Vol. II. 4vo. pp. 316. pls. 64. 1927. 
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Permian, and possibly the Upper Permian. The flora of Shansi forms part of the 
Circumpolar Arctic carboniferous flora, and differs in its earlier phase from the 
contemporaneous floras of Europe and North America only about in the same 
degree as these differ from each other. The American relationship becomes some- 
what more pronounced in the upper part, and at the same time types peculiar 
to eastern Asia increase in importance. The affinity to the Glossopteris flora and 
to the flora of Angara is very slight, and is only evident in the upper part of the 
plant-bearing series. The author characterizes this peculiar east Asiatic floral 
element with the name of “Gigantopteris” flora, and he concludes that the 
strong contrast between the Gigantopteris flora and the flora of Angara land can 
hardly be explained through the probable difference in age, but indicates the 
existence of two phytogeographic regions in Asia outside Gondwana land. 

The illustrations, which have been made in Stockholm, are excellent, and 
in most cases permit the use of a magnifying glass. It is to be hoped that HALLE 
will soon issue other books based on the rich material which has been collected 
by Swedish and Chinese paleobotanists in China.—A. C. Nok. 


Textbook of botany 


A textbook of botany for college and university students has been prepared 
by Ropsins and RicKkett' which is distinctly different from the usual type of 
such books. The subject matter treated includes the conventional topics, but 
the point of view expressed and the method of attack are refreshing departures 
from the usual methods of presentation. Emphasis is placed on fundamental 
biological principles, the aim of science, and the scientific method rather than 
upon factual material, with the result that the book is not only readable, but 
introduces sufficient speculative material to challenge the attention of the 
beginning student in botany. The frankness with which the limitations of our 
knowledge regarding the causes of certain basic phenomena are admitted is 
praiseworthy; but, from the standpoint of pedagogy might possibly be ex- 
pressed with more finesse in order to avoid the discouragement that the young 
student in botany is apt to feel at the abruptness of the dénouement. 

The treatment of certain difficult sections is very satisfactorily handled in 
the first portion of the book, which deals with the functions and structure of the 
seed plant. The chapter on absorption of water and dissolved material is an 
excellent exposition of a difficult topic; and those on photosynthesis, transpira- 
tion. and the relations of living things to energy are adequately treated. The 
chapters on formation of new cells and growth might well be combined under 
the latter title, in order to emphasize more effectively the réle of mitosis in 
growth, processes. The sections on life and death and the origin of life are well 
presented, and the statements regarding vitalism and mechanistic theories in 
the former appeal to the writer as being sufficiently conservative. 


* RopBins, W. J., and Ricxett, H. W., Botany. 8vo. pp. xxiii+535. figs. 384. 
New York: D. Van Nostrand Co. Inc. 1929. 
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The latter portion of the book is designed to acquaint the student with the 
organization of the plant kingdom, the life processes and life cycles of representa- 
tive members of each large group, and includes final chapters on inheritance, 
biologic evolution, and plant distribution. The sequence of chapters is a radical 
departure from the usual phylogenetic arrangement. Chapters on bacteria, 
yeasts, and fungi precede the section on the algae; and bryophytes are preceded 
by the chapter on ferns. The authors justify this novel treatment on peda- 
gogical grounds. They state that the intimate connection between the fungi and 
the theory of spontaneous generation, as well as the new principles of physiology 
which the fungi illustrate, warrant the former change; and that “the fern is 
considered before the moss because of the clearer demonstration of alternation 
of generation given by its life history.” This is an innovation which will receive 
considerable criticism from those teachers who are accustomed to the orthodox 
phylogenetic sequence; but the authors are to be commended for their attempt 
to improve the pedagogy in botanical writing. Certainly there is room for im- 
provement, and experiments of this type should be given careful trial before 
judgments are made regarding the modification in question. The final sections, 
which include questions for review and references for collateral reading, should 
prove helpful to instructor and student alike—H. E. Haywarp. 


Taxonomy 


The first volume of the long awaited Index londinensis has recently made 
its appearance. This work is the direct successor to the widely known and, to 
the taxonomist, invaluable Iconum botanicarum index locupletissimus of Prit- 
ZEL, first published in 1855. Nearly 84,000 entries are listed, drawn from upward 
of 4000 sources. It is stated that five further volumes will be issued and that the 
total number of entries will reach nearly 500,000. All species are arranged 
generically, and all genera are listed in alphabetical sequence, the last in this 
volume being Campanopsis. The primary purpose of this great undertaking is 
of course to afford immediate reference to all pictorial representations of the 
species, varieties, etc., of the higher plants. An attempt has been made to reach 
completeness for the post-Linnean period down to the end of the year 1920, but 
only a small number of pre-Linnean illustrations are cited. The value of a work 
like this to the monographer will be largely in direct proportion to the number of 
illustrations previously published in his own special field. Generally speaking, 
however, the Index londinensis, taken as a companion to the Index kewensis, 
will soon receive universal recognition as being well nigh indispensable to all 
workers in plant taxonomy and even to many in allied fields. The highest praise 
is merited by the Royal Horticultural Society of London, under whose auspices 
the volumes are being compiled, by Dr. Stapr, the honorary editor, and by a host 


t Srapr, O., Index londinensis to illustrations of flowering plants, ferns and fern 
allies being an emended and enlarged edition continued up to the end of the year 1920 
of PritzeEt’s Alphabetical register of representations of flowering plants and ferns. 
pp. xx+547. Oxford: The Clarendon Press. 1929. 
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of institutions and individuals the world over who have generously collaborated 
in the vast amount of bibliographic work involved. 

The seventh supplement to the Index kewensis' has reached American 
libraries. The need for a work of this type is at once apparent from the great 
activity revealed in the world’s taxonomic centers. Thus, for example, while 
only a five-year period is covered, the genus Aster is credited with 31 new names, 
Astragalus 89, Begonia 57, Drypetes 110, Hieracium nearly 1000 (!), Senecio 
105, etc. In the case of Hieracium, one notes with misgivings a remarkable 
diversity of authorship. It is hardly to be expected that if a multitude of work- 
ers attack independently the same genus at the same time their work can be 
free from numerous duplications. Students of general nomenclatural problems 
will be heartened to find a somewhat simpler nomenclature reflected throughout 
than prevails among the zoologists. The contrast in this respect seems even 
greater than is really the case, due of course to the unfortunate omission by the 
Kew authors of subspecific names. The scientific names are as a rule pro- 
nounceable. Some, however, seem hardly sensible, as, for example the name 
AA, adopted from the younger REICHENBACH by SCHLECHTER, for a genus of 
the Orchidaceae.—E. E. SHERFF. 


Australian rain-forest trees 

A recent volume? has, as its most notable feature, numerous halftone plates 
from photographs illustrating the bark and trunk characters of more than 100 
species found in the humid tropical and semitropical forests of eastern Australia. 
The leaves and fruit are also shown from photographs which are mostly from 
herbarium material. The descriptions, which embrace some 150 species, con- 
tain many notes upon the appearance of the trees in the field, and should there- 
fore be particularly useful for the recognition of species in the forest. 

It is noticeable that these rain forests contain fewer endemic forms than do 
the semi-arid regions. Among the notable families represented by several to 
many species are the Fagaceae, Moraceae, Urticaceae, Lauraceae, Leguminosae, 
Rutaceae, Meliaceae, Euphorbiaceae, Myrtaceae, Sapotaceae, and Rubiaceae. 
Keys are provided for the recognition of families and genera. 

There is a brief description of the rain forest itself, and notes on such things 
as the relation of the forests to the soil, to bush fires, and to rainfall distribution. 
The size of the trees, their bark characters, and the occurrence of buttressed 
bases are discussed and illustrated. While serving to give a general idea of areas 
of most interesting forests, the volume will find its greatest usefulness in field 
studies in Australia—G. D. FULLER. 


* Curators of Kew Herbarium, Index kewensis plantarum phanerogamarum sup- 
plementum septimum nomina et synonyma omnium generum et specierum ab initio 
anni MDCCCCXXI usque ad finem anni MDCCCCXXYV nonnulla etiam edita com- 
plectens. pp. 260. Oxford: The Clarendon Press. 1929. 

? Francis, W. D., Australian rain-forest trees; excluding the species confined to 
the tropics. 8vo. pp. xi+347. pls. 213. figs. 25. Rainfall map. Brisbane: Anthony 
James Cumming, Government Printer. 1929. tos. 
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Recent advances in plant physiology 

An attempt has been made by BARTON-WRIGHT' to summarize the recent 
developments in the field of plant physiology. The material is presented in 
interesting and attractive style, and the order of presentation seems logical. 
It follows almost the same sequence of presentation used for many years in 
courses in plant physiology at the Hull Botanical Laboratory. 

The first chapter is devoted to soil and water relations of the plant, root 
system development, and physiological functions of roots. The second chapter 
presents the problems of transpiration, sap ascent, root pressure, etc., following 
which are chapters on photosynthesis, nitrogen metabolism, respiration, and the 
physiology of growth and reproduction. The student who desires to orient 
himself to the physiological phases of plant life, or the student of plant phys- 
iology, horticulture, agronomy, or forestry who desires a rapid review of the 
subject in its recent aspects, can survey it in a short time with this book, which 
is quite the best of its kind. 

At certain places the reviewer found himself wishing that the text were 
more conducive to clear thinking on the part of the student; but this is hardly 
the author’s fault, except that he has accepted ideas current with other authors. 
One of such parts of the book is that dealing with the absorption of water by 
roots (pp. 28-34). The use of the term “suction pressure” for the forcible 
entry of water into the cell is not appropriate, and the term “suction tension” 
proposed by Beck? more recently is little better. Surely there is no suction of 
any kind involved in the process, but rather an active, forcible diffusion of 
water into the cell against all the pressures that the cell exerts in the opposite 
direction (wall pressure, protoplasmic tension, etc.), because there is.more free 
water outside than inside the cell. As the reviewer remarked in a paper pre- 
sented before the American Society of Agronomy several years ago, if an auto- 
mobile tire can be said to exert a “‘suction pressure” while being inflated with 
compressed air, then we can also properly speak of a “suction pressure” in 
cells, for water entry. The water forces its way into the cells, and is not sucked 
in by some partial vacuum formation, as the term implies. 

The author has not tried to present a complete summary, but to select the 
papers which seemed to him most important. In this he has followed a wise 
course, for the mass of literature in plant physiology has grown to large propor- 
tions in the last two decades. 

A whole essay could be written concerning certain points mentioned in the 
preface. To pass judgment whether plant physiology is less fundamental in 
America than elsewhere is more readily possible, the less experience or back- 
ground one has for judging. Research, in order to be fundamental, must be 


* BaRTON-WRicHrT, E. C., Recent advances in plant physiology. 8vo. pp. 352. Phil- 
adelphia: P. Blakiston’s Son and Co. 1930. 

2 Beck, W. A., Osmotic pressure, osmotic value and suction tension. Plant Physiol. 
3:413-440. 1928. 
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fundamental to something that can be evaluated according to some standard. 
If it cannot be so judged, it should not be considered fundamental. This has 
been the main lack in some purely academic researches, which were at one time 
called fundamental because one could not see any possible application which 
might be derived from them, and from which nothing worth while ever has 
come. 








The arts and sciences, such as horticulture, agronomy, forestry, bacteriology, 
and similar fields, must always include and have as a part of their secure 
foundation a large measure of botany. Instead of being in the “Cinderella” 
position in the botanical world, as BARTON-WRIGHT says, plant physiology is 
literally in the corner-stone position, and demands that its fundamental posi- 
tion be recognized. Without any thought of separation from other lines of 
botany, plant physiology proposes not to hide its light under a bushel, but to 
use every legitimate means to encourage and develop its service to the fields 
for which it does provide a foundation in practice. 

The appearance of such books as this from time to time will help to stimu- 
late an ever-widening interest in the problems of plant physiology, and will 
render less difficult the pathway of the student who must find some means of 
digesting, evaluating critically, and assimilating an enormous annual output 
of papers.—C. A. SHULL. 

















Flowers and flowering plants 





The appearance of a new textbook of systematic botany' seems to indicate 
a revival of interest in that branch of plant science. It has as its special feature 
the system of classification elaborated by the late Professor BESSEY, whose 
portrait appears as a frontispiece in the volume. In using the Besseyan system 
as a foundation for his book, Poot has produced a fitting memorial to his great 


teacher. This will recommend the volume to all who knew and admired Profes- 
sor BESSEY. 























The material in the volume is well organized, beginning with a consideration 
of the anatomy of flowers, fruits, and seeds. The work of the flower is then 
considered, and much attention is devoted to pollination and to seed produc- 
tion and distribution. Floral diagrams and floral formulas are emphasized, and 
useful devices are suggested for representing floral structure in shorthand. 

There is an excellent brief sketch of the history of the development of tax- 
onomy, from the time of the herbalists to the ENGLER and the BESSEy systems. 
The advantages of the various systems are presented and the principles on which 
they are founded discussed. 

The latter half of the book considers a characterization of selected orders 
and families. Here the descriptions are brief, and as simple as is compatible 
with accuracy. A notable feature of this part of the volume is the collection 









































‘Poot, R. J., Flowers and flowering plants. An introduction to the nature and 
work of flowers and the classification of flowering plants. New York. pp. xx+378. 
figs. r9r. New York: McGraw-Hill Book Co. 1929. $3.50. 
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of drawings by F. SchuyLER MATHEWS, illustrating members of the various 
families. It is a decided relief to have these familiar groups represented by a 
series of new, attractive, and accurate figures. There follows a chapter on col- 
lecting and preserving specimens, and a comprehensive list of reference books, 
monographs, and manuals. 

The book is well written, and will form an excellent addition to the equip- 
ment of the teacher of elementary taxonomy. While the Besseyan system has 
many fine features to recommend it, its extensive adoption is somewhat doubted, 
even when so attractively presented as in this volume. The odds are too great 
in the accumulated mass of literature following the more widely known arrange- 
ment of ENGLER.—G, D. FULLER. 


NOTES FOR STUDENTS 


Celluloid films from coal balls.—A method has been devised by Koopmans," 
in collaboration with JoHN WALTON, to reproduce the surface of a coal ball 
section so accurately in a celluloid film that the latter can be used instead of a 
micro-preparation of the coal ball. 

The method consists essentially of the following process. The cut surface of 
the coal ball is smoothed, and if it is a calcareous coal ball it is etched with 
hydrochloric acid; if siliceous, with hydrofluoric acid. After the surface has 
been dried a solution of celluloid is poured on it. As soon as the latter has be- 
come dry, the membrane of celluloid is pulled off and either preserved or mount- 
ed in Canada balsam. 

Koopmans states that the surface should not be highly polished, but merely 
smoothed; otherwise the etching takes too long. The etching must be continued 
until the moist surface shows organic remains in relief. It is important to es- 
tablish the time necessary for etching and concentrating the acid by experi- 
ment, since these factors will vary with different coal balls. The superfluous 
acid should be removed by dipping the preparation into water, not by pouring 
water on it. In drying, the etched surface should not be touched by hand; also 
excessive heating should be avoided since the organic remains on the etched 
surface are easily burned. When the celluloid solution is poured upon the etched 
surface the latter must be as horizontal as possible, and should be moistened 
with amylacetate to avoid the formation of air bubbles in the celluloid film, 
The solution of celluloid in amylacetate may be made from cleaned photographic 
films, and should have the consistency of syrup. After the celluloid solution 
has been poured on, the stone should be left in a dustfree place for drying, which 
may take 24-48 hours. In order to remove the celluloid film it is advisable to 
cut the etch with a sharp knife and to slip the latter between the celluloid 
membrane and the stone. The film is pulled off slowly, and should be dipped 
in a thin solution of chloric acid to remove any particles of rock previous to 


t Koopmans, R. G., Yearbook for 1928. Geol. Bur. Netherlands, Heerlen. 131-132. 
19209. 
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preserving dry or imbedding in Canada balsam. Before making another film 
it is necessary to repolish and re-etch the coal ball. 

The advantages of the new method are obvious. It is easy to make about 
ten preparations per 1 mm. thickness of the coal ball, and to obtain in this 
way consecutive series of thin sections of seeds or sporangia which could not 
be obtained in any other way. It is also easy to make large preparations, while 
the preparing of very large thin sections of coal balls is a highly technical, 
difficult, and expensive process. The most obvious advantage is the great sav- 
ing of time, since the preparation of a celluloid film takes only 10-15 minutes | 
while the cutting, grinding, polishing, and mounting of a thin section consumes 
2-3 hours.—A. C. Noé£. 

Micropaleobotany.—This paper' is project no. 3 in the research program of the 
American Petroleum Institute. Its first part, by STADNICHENKO, contains pre- 
liminary results of studies of supposed “mother rocks” of petroleum by means 
of a micro-furnace; and the second part, by WHITE, gives a description of the 
fossil plants found in these mother rocks. The latter includes (1) a rich boghead 
of algal coal; (2) a sedimentary rock made up almost entirely of the exines of 
very large spores; (3) a brown oil shale containing many spore exines, a number 
of which are twisted; (4) a marine deposit of the general structure and charac- 
ters of an ordinary oil or bituminous shale. Specimens listed under 1-3 are 
probably Lower Cretaceous, while specimen 4 is Triassic. 

The fossil plants contained in the “mother rocks” were described by WHITE 
under the following names, all of which represent new species: Reinschia 
adlaskana D. W.; Sporangites alaskansis D. W.; S. arctica D. W. R. alaskana is 
alarge one-celled alga, forming flattened coionies, with enormously fatty, thick- 
ened walls, and is in close agreement as to size, arrangement, and cell details 
with the “yellow bodies” in the bogheads from the Colville River basin, Alaska, 
illustrated by THIESSEN in his paper on the origin of the boghead coals.? THrrs- 
seN has shown the algal nature of Reinschia contrary to the earlier assertions 
of some paleobotanists. The two species Sporangites alaskansis and S. arctica 
ate based on spore exines. It is to be hoped that more of such interesting inves- 
tigations will be published in the near future, on account of the light they throw, 
not only upon the origin of petroleum, but also upon the algal forms of the 
Paleozoic and Mesozoic floras.—A. C. Nok. 

Fossil flora of Aachen.—The Geological Survey of Holland has added an- 
other valuable paleontological and stratigraphical monographs to the series of 


'STADNICHENKO, T., Microthermal studies of some “mother rocks” of petroleum 
from Alaska. Wate, D., Description of the fossil plants. Bull. Amer. Assoc. Petro- 
leum Geologists 13: 823-848. 1929. 

?U.S. Geol. Survey Prof. Paper 132. 121-138. 1925. 

3pE Voocp, N., Gliederung und Fossilfiihrung des tieferen Oberkarbons in der 
Umgebung von Aachen und den angrenzenden Gebieten von Holland und Belgien. 
Geologisch Bureau voor het Nederlandsche Mijngebied te Heerlen. Jaarverslag over 
1928. Heerlen, pp. 11-72. Charts 1-4. pls. 1-5. figs. I-14. 1929. 
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its publications. While considerable attention is naturally paid to purely strati-’ 
graphical and paleozoological items, much paleobotanical material is included, | 
especially its application to the stratigraphy of the coal basin of Aachen and” 
its correlation with the coal seams of other basins. 
Many contributions have been made to paleobotany and coal geology ir 
the publications of the Dutch Geological Bureau, especially by Joncmans!” 
who contributed to the same volume in which DE Voocp’s monograph appears, 
Other articles of interest for paleobotanists in this volume are by Koopmans?” 
and LeBepew.s—A. C. Noé. 4 
Elongation of mesocotyl in oats.—Research workers, experimenting with 
oats in connection with stimulus responses such as tropisms, have often encoun= 
tered considerable difficulty in obtaining vertical coleoptiles. They have usually 
obtained a high percentage of bent oats, due to an undesirable elongation of § 
the mesocotyl. Bryer‘ accidentally obtained 100 per cent straight coleoptiles 
and on considering the matter found that he had unwittingly left the germinat-: 
ing seeds for the first two days in the greenhouse exposed to diffuse light. In a 
series of preliminary tests he found that the presence of light was the main 
factor in repressing elongation of the coleoptile, although additional factors 
were low temperature and the lowering of soil moisture. ; 
Subsequent investigations on the effect of light are reported by LANGE, i 
a series of experiments, with abundant data to support his conclusions. Ger) 
minations carried on in darkness, diffuse, and bright daylight showed progres- 
sively shorter mesocotyls. Weak red light, acting similarly to white light of 
low intensity, revealed the fact that the greatest effect was obtained when” 
exposure was made during the last 12-24 hours of the total 48 hours during 
which swelling of the seed takes place. Some effect is also obtained if the ex-) 
posure occurs during the first 24 hours of this period, which is the more sur 
prising when one considers that the light must at that time penetrate not only) 
the glumes but the seed coat as well—Tuora M. PLirr. 


1 Joncmans, W. j., Algemeene Bouw van het Limburgsche Karboon. II. ibid. pps 
73-130. Chart 5. ; 

2 Koopmans, R. G., Celluloidpreparat anstatt Diinnschliff. ibid. pp. 131-132. 

3 LEBEDEW, N., Uber die Namurstufe in Donetzbecken. ibic. pp. 133-134- 

4 Beyer, A., Zur Keimungsphysiologie von Avena sativa. Ber. Deutsch. Bot. 
45:179-187. 1927. 

5 Lance, S., Uber den Einfluss weissen und roten Lichtes auf die Entwicklung de 
“Mesocotyls bei Haferkeimlingen. Jahrb. Wiss. Bot. 71:1-25. 1929. : 
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